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Abstract 

Soil and wastewater properties that influence the uptake of anti(retro)viral 

pharmaceuticals in plants- Preston Chebai Akenga 

This study evaluated the fate of anti(retro)viral (ARVDs) pharmaceutical compounds in the 

wastewater-soil-plant-human continuum. Wastewater frequently contains pharmaceutical 

micropollutants. A cause to worry is the potential uptake and bioaccumulation of these 

biologically active contaminants via the plant's roots into the edible tissues, posing a health 

threat to non-target consumers. Presently, the influence of the wastewater and soil 

parameters (pH, soil organic matter, dissolved organic carbon) on the uptake patterns of the 

(ARVDs) pharmaceutical compounds is unclear. Hydroponic and pot-soil experiments were 

utilized to assess the ARVD accumulation in lettuce  (Lactuca sativa). Spiked freshwater 

(stored rainwater) and synthetic wastewater (adopted as a surrogate for actual wastewater) 

were used as irrigation agents. The OECD 106 adsorption/desorption protocols were used to 

determine the binding potential of the ARVD molecules to the soil sorbent. ARVD solutes and 

associated metabolites were separated, detected, and quantified using a liquid 

chromatograph- a high-resolution mass spectrometer. ARVD accumulation in the lettuce 

positively correlated with molecule lipophilicity, whereby solutes with log Kow > 1 were 

detected in soils and the exposed lettuce. In contrast, solutes with log Kow< 1 neither 

accumulated in the soils nor the lettuce. The mean accumulation of ARVDs in lettuce grown 

in low organic, sandy soils was eight times higher (323 ng g-1) than in lettuce grown in organic-

rich soils (39 ng g-1). While wastewater independently reduced accumulation in lettuce by 37-

97 % in aqueous-based experiments, in synthetic wastewater-irrigated soils, accumulation 

was six times higher (310 ng g-1) than in freshwater-irrigated soils (52 ng g-1). Nevirapine was 

identified as a priority contaminant since it accumulated in the edible tissues of lettuce. 

Nonetheless, its accumulation was 2000 times below the daily dietary intake limits. Irrigation 

using ARVD-contaminated wastewater enhances the accumulation of organic micropollutants 

in plants
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Chapter 1 Introduction                                                                                                                                      

The fate of pharmaceuticals in agroecosystems 

 

Overview 

This chapter first collates identified research gaps and recommendations that merit further 

research in wastewater reuse practices in agroecosystems and then describes the rationale 

for selecting topical areas of interest. Most notable was that, despite the high frequency and 

concentration levels of anti(retro)viral drugs (ARVDs) measured in surface and wastewaters 

(a source of these contaminants to agroecosystems), less is known of their fate. This review 

further highlights the physical-chemical processes and environmental properties that 

attenuate pharmaceutical molecules within the soil and wastewater environment, 

consequently impacting the availability of the molecule to plant roots. It also describes the 

general uptake mechanisms of organic contaminants in plants.  

1.1 Introduction 

In agriculture, soil moisture and nutrients are essential for plant growth. For this reason, 

agriculture is continually searching for innovative methods to supply these two critical 

components (Cogger et al., 2013). The practice of irrigation using wastewater (treated or 

untreated) and amending soils with biosolids has been embraced and has contributed to 

increased crop yields (Ilias et al., 2014; Oron et al., 2014). It has helped conserve dwindling 

freshwater resources and ensure that food production is not compromised due to severe 

weather conditions or competition from industrial, municipal, or domestic needs (Jaramillo 

and Restrepo, 2017; Ofori et al., 2021). 

Pharmaceuticals are sometimes referred to as emerging pollutants (EPs) since they have 

recently become ubiquitous in the environment. These EPs have been prevalent in 
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agroecosystems since they were introduced into the market but may not have been detected 

due to limitations in analytical capability (Geissen et al., 2015). They are also not routinely 

monitored due to the insufficiency of environmental quality standards. Irrigation with 

pharmaceutical-contaminated wastewater is the main pathway for introducing these 

micropollutants into agroecosystems in developing countries (Kasprzyk-Hordern et al., 2008;  

Tasho and Cho, 2016  Ben Mordechay et al., 2018). 

Most pharmaceutical molecules are non-volatile and polar, with ionizable functional groups. 

Thus, plant root uptake represents an important potential pathway (Miller et al., 2015). A 

concern about these molecules is their potential accumulation in terrestrial or aquatic plants, 

posing a risk to non-target receptors such as humans and animals at higher trophic levels in 

the food chain (Rodriguez-Eugenio et al., 2018). Although some pharmaceuticals are not 

persistent, they are pseudo-persistent, i.e. their continuous discharge into the 

agroecosystems may negate any degradation losses so that their environmental 

concentrations continue to rise (Mira et al.2003). One challenge is that accurately elucidating 

their fate in wastewater-irrigated agroecosystems is not straightforward since the molecules 

are co-introduced with the wastewater matrix, which further complex the pharmaceutical-

soil interaction processes in the soil  (Maoz and Chefetz, 2010; Carter et al., 2019). 

Proof that ingestion of wastewater-irrigated food crops exposes humans to the exogenous 

chemicals was confirmed when healthy individuals (previously not under any medical 

prescription) ingested carbamazepine, an anticonvulsant drug, from wastewater-irrigated 

fresh produce. The parent molecule and its two associated metabolites were measured in the 

collected urine at 25 ng L-1  (Paltiel et al., 2016). Such data informs the urgency to assess the 

fate of a wider variety of these organic micropollutants in agroecosystems, particularly their 



3 
 

interaction and accumulation tendencies and their acute or chronic effects on the receptors. 

Moreover, acquired data may help design appropriate wastewater reuse policies for 

agriculture since most existing water guidelines rarely account for the presence of 

pharmaceuticals and the potential risk they may pose to human and ecosystem health via this 

source (Carter et al., 2019). 

The present study is intertwined with the overarching theme of agriculture, environmental 

sustainability, water, food security, and the reuse of natural resources. A concept that falls 

under the United Nations Sustainability goals addresses the theme of 'Sustainable Food and 

Agriculture (United Nations, 2015). Similarly, the study aligns with Food Agricultural 

Organization's (FAO) conceptual framework (FAO, 2012) that addresses food security under 

water scarcity conditions in agriculture. 

Figure 1.1 shows a schematic diagram of the research questions  general outline of this 
research. 
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Figure 1.1. Schematic diagram of the general outline of this research 
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1.2 Existing knowledge gaps in wastewater irrigation practices in agroecosystems 

Intensive utilization of wastewater in agriculture has generated significant interest in 

understanding the fate of wastewater-borne chemicals in agroecosystems. Accordingly, 

several reviews have concurrently collated information outlining the extent of understanding 

and identifying information gaps that merit further investigations in the pharmaceutical 

wastewater-soil-receptor topical issue. Table 1.1 highlights information gaps and 

opportunities for further research extracted from several recent reviews.   

  Carter et al., (2019) ranked some of the knowledge gaps according to the level of information 

available for each process ('highly', 'moderately', or 'poorly' knowledgeable). The knowledge 

gaps were further categorized in a Sources-Pathways-Receptors (S-P-R) component format. 

In the framework, ‘reclaimed wastewater’ for an example of a 'source' component that 

introduced pharmaceuticals to agroecosystems. 'Receptors' were humans, wildlife, livestock, 

terrestrial plants or aquatic animals. At the same time, receptors were classified as potential 

secondary pathways of exposure. For example, exposure to humans or animals is via 

consuming contaminated crops. There was a 'high' level of understanding of only five 

processes in the 'source' component. The depth of knowledge of the 'pathways' and 'receptor' 

components was found insufficient hence the components were classified as 'moderately' or 

'poorly' understood. Accordingly, to further understand the fate of organic contaminants in 

agroecosystems, the present study selected topical areas from the 'moderately' 

knowledgeable areas of interest from 
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Table 1.1. Knowledge gaps and topical areas recommended for further investigations in pharmaceutical-wastewater-soil-receptor studies 

Study keywords Existing research gaps/Future recommendations Study 

Antibiotics 

Accumulation 

Human health risks 

Antibiotic-resistant genes 

Uptake 

Reclaimed wastewater 

i. Carry out field-based studies to measure uptake of contaminants of 

emerging concern in fully characterized soils, using actual wastewater 

ii. Monitor pharmaceutical transformation products in reclaimed 

wastewater and soils and their potential for uptake. 

iii. Obtain public health risks data from field-based studies that utilized 

reclaimed wastewater (RWW) for irrigation. 

iv. Evaluate  the effect of chemical mixtures rather than single molecules 

v. Monitor phytotoxic and other stress-related phenomena in the plants 

exposed to the pharmaceutical xenobiotics. 

vi. Develop standardized protocols for the analyses of pharmaceutical 

molecules in essential matrices. 

(Christou et al., 2017a) 

Contaminants of emerging 

concern 

Recycled water 

Plant uptake 

Exposure 

Health risks 

i. Review and prioritize contaminants of emerging concern for future 

evaluation 

ii. Evaluate uptake of pharmaceuticals under field conditions 

iii. Assess uptake differences among different plant types 

iv. Assess potential risks due to pharmaceutical mixtures and metabolites 

v. Assessment of the long-term ecotoxicological risks to agroecosystems 

from contaminants of emerging concern 

(Shi et al., 2022) 

Pharmaceuticals 

Environment 

Soil 

Plants 

Accumulation 

i. Measure data on bioaccumulation of pharmaceuticals in 

organisms/receptors in the higher trophic chain is scarce 

ii. Evaluate the health risks for individuals consuming contaminated plants 

(Gworek et al., 2021) 
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Croplands 

Antibiotics, 

Plants, 

PCPs, 

Reclaimed wastewater irrigation 

Soil 

i. Evaluate the chronic effects  pharmaceuticals at environmentally 

relevant concentrations on terrestrial organisms, soil fauna and crops 

ii. Investigate the nature and amount of unidentified PPCPs transformation  

products 

iii. Evaluate the influence of individual soil components, i.e. soil organic 

matter, clay content, and pH, in altering PPCPs toxicity 

iv. Assess potential ecotoxicological effects of PPCPS on groundwater at 

environmentally relevant concentrations 

Qin et al., 2015) 

Veterinary antibiotics, 

Agricultural soils, 

Manure fertilization, 

Fate and ecotoxicity, 

Antibiotic resistance, 

Future research strategies 

i. Identify pharmaceutical bioactive biotransformation products in 

agroecosystems  

ii. Evaluate the long-term environmental effects of veterinary antibiotics in 

different soil types 

iii. Determine safe environmental levels of veterinary antibiotics for 

manure, soil, water and plants that will render no risk for purposes of 

setting policy-level standards 

 

Kuppusamy et al., 

2018) 

Endocrine disruptors 

Emerging contaminants 

Soil amendment 

i. Human risk exposure data is still insufficient 

ii. Absence of antiviral uptake data 

iii. Determination of potential health risks from emerging contaminants 

metabolites 

iv. Insufficient data on plant uptake of PPCPs from overhead irrigation and 

leaves 

Keerthanan et al., 

2021) 
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Contaminants of emerging 

concern, 

Food crops, 

Biochar, 

Phyto-uptake 

Engineered nanomaterials 

i. Estimate risk quotient from actual environment data to accurately 

assess potential risks 

ii. Assess the robustness of the developed analytical techniques for 

pharmaceutical measurements 

iii. Development of biosensors 

 

(Pullagurala et al., 

2018) 

PPCPs 

Biotransformation 

Wastewater irrigation 

Soil 

Food chain 

i. There is insufficient information on potential transformation products 

ii. The extent to which soil properties influence the transportation and rate 

photodegradation of pharmaceutical molecules is unclear 

 

(Zhang et al., 2021) 

Antibiotics 

Persistence 

Bioaccumulation, Translocation 

Edible crop 

human exposure 

i. Use of radiolabelled compounds rather than unlabelled compounds in 

degradation studies 

ii. Undertake accumulation and translocation mechanisms in plants under 

field conditions 

iii. Carry out chronic phytotoxicity testing of antibiotics in plants 

iv. Carry out further experiments to understand the  behaviour of and fate 

of pharmaceuticals in soil 

v. Investigate on transformation and metabolites of antibiotics in plants 

(Pan and Chu, 2017) 
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While it would have been more beneficial to look into the least explored areas ('poorly 

understood'), most were not practically feasible with available resources (e.g. the acute or 

chronic impact on wildlife from consuming pasture in pharmaceutical-contaminated grazing 

lands). 

1.3 Topical areas selected for further study  

Discussion about the topical areas selected for further study is presented in subsections 1.3.1 

to 1.3.5. The rationale for choosing the molecule of interest and the appropriate detection 

and quantification techniques is presented. The plant exposure experimental protocols and 

their associated significances used to determine the extent of pharmaceutical accumulation 

and associated uptake mechanisms in soil and aquatic environments are provided.  Factors 

that impact the binding potential of the pharmaceutical to the wastewater and soil matrix are 

also discussed.  

1.3.1 Pharmaceutical molecule of interest 

Fate data on most pharmaceuticals is still lacking. Approximately one-third of the 1500 

pharmaceutical molecules currently in use have been identified in wastewater effluent (Guo 

et al., 2016). As listed in the keywords column in, the fate of antibiotics has preferentially 

been investigated, driven by antimicrobial resistance concerns. However, Keerthanan et al. 

(2021) call explicitly for investigations of the fate of the ARVD therapeutic class of 

pharmaceuticals in agroecosystems. Again, notable in Table 1.2 is the limited  of ARVD data 

in soil and plant matrices. 
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 Table 1.2 Summary data on the fate of different therapeutic classes of pharmaceuticals in 
the various environmental compartments (extracted from Carter et al., 2019). 

Therapeutic Class Reclaimed 
wastewater 

Soil Surface Groundwater Plants 

Analgesic ✓ ✓ ✓ ✓ ✓ 

Antibiotic ✓ ✓ ✓ ✓ ✓ 

Antidepressant ✓ ✓ ✓ ✓ ✓ 

Antidiabetic ✓ ✓ ✓ ✓ ✓ 

Antiviral ✓ ? ✓ ✓ ? 

Antiepileptic ✓ ✓ ✓ ✓ ✓ 

Antihypertensive ✓ ✓ ✓ ✓ ✓ 

Antipsychotic ✓ ✓ ✓ ✓ ✓ 

 

Table 1.2 highlights some eight classes of pharmaceuticals of interest. It is essential to 

mention that frequently consumed pharmaceuticals have the highest potential to be 

detected in the environment and therefore are of greatest concern.  

A list of the top 100 frequently consumed pharmaceuticals was collated by   Patel et al., 

(2019). Pharmaceutical molecules of interest that warrant future investigation include 

corticosteroids, beta-blockers, lipid-lowering agents, antihistamines, antifungals and opioids. 

Antimalarials are another class of priority pharmaceuticals, especially in tropical countries 

such as Kenya (K’oreje et al., 2016).  

1.3.1.1 Spatial occurrence of ARVDs 

There exist regional monitoring priorities and preferences in pharmaceutical analyses. For 

example, antibiotics are commonly analyzed in the Asia-pacific region, analgesics in Eastern 

Europe, and a wide range of pharmaceuticals in Western Europe  (Aus der Beek et al., 2016). 

A global sampling campaign covering 104 countries revealed that heavily pharmaceutical-

contaminated water samples had originated from low-to-middle-income countries (LMIC). A 
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probable indicator of the extent of surface water pollution due to lack of adequate sewage 

treatment in the LMIC, a region that initially had received little or no pharmaceutical 

monitoring attention (Wilkinson et al., 2022). Nevertheless, Africa-based current literature is 

addressing the question of the occurrence of pharmaceuticals, particularly the ARVDs, in the 

aquatic environment (Wood et al., 2017; Rimayi et al., 2018; Madikizela et al., 2020; Adeola 

et al., 2021; Adeola and Forbes, 2022; Fekadu et al., 2019; Madikizela et al., 2020, 2017; 

Mlunguza et al., 2020a; Ngumba et al., 2020; Rimayi et al., 2018; Wood et al., 2017; Adeola 

et al., 2021; Adeola and Forbes, 2022).  

Of the 19.8 million people under antiretroviral therapy (ART) in 2017, more than three-

quarters (78 %) resided in Sub-Saharan Africa. While this class of drug significantly improved 

the quality of life and life expectancy of people living with HIV (PLWHIV), its inability to destroy 

the HIV-1 virus necessitates lifelong antiretroviral therapy (Nakagawa et al., 2013; 

Rwagitinywa et al., 2018; Leen and Bulteel, 2019) giving rise to environmental contamination 

stemming from the continued elimination from the human system. Indeed, ARVD 

contamination is more of a spatial problem fueled by antiretroviral use.  

Figure 1.2 shows higher ARVD concentrations in Africa compared with Europe and Asia. The 

mean ARVD concentrations in Africa were  > 1000 ng L-1, while the nearest concentrations 

from other regions were five times lower. 
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Figure 1.2. Box plots comparing concentrations of five ARVDs in freshwater and wastewater 
environments in Africa, Europe and Asia. 

In Sub-Saharan Africa, due to limited wastewater treatment infrastructure, most of its 

wastewater goes untreated and is intensively used for irrigation in urban and peri-urban 

zones in major cities such as Nairobi in Kenya, and Dakar-Senegal (Rodriguez-Eugenio et al., 

2018; UNU-INWEH, 2019), further compounding the contamination menace.  

However, global happenings such as the occurrence of the COVID-19 pandemic will, in the 

foreseeable future, potentially will propel antiviral molecule contamination into a universal 

problem. In Europe, for example, reports highlighted an upsurge in antiviral compounds in 

the aquatic environment following the COVID-19 pandemic. In Greece, a wastewater-based 

epidemiological tool used to estimate drug consumption patterns revealed an increase of up 

to 170 % of antiviral compounds in wastewater between 2019 (pre-pandemic) to 2020 

(pandemic year) (Galani et al., 2021), likely from the increase in consumption of antiviral 

pharmaceutical products In 2022, according to the EU’s  Global Drought Observatory,  Europe 
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experienced one of its severest droughts in 500 years, creating unprecedented stress on 

surface water reservoirs (BBC, 2022).  In the long run, such persistent dry weather conditions 

will compel the reuse of the contaminated wastewater for irrigation in agriculture, 

introducing the molecules into agroecosystems in the continent.  Hence the urgency to 

understand the fate of ARVDs in terrestrial and aquatic environments 

1.3.2 Analytical methods  

Current methods used to analyse pharmaceutical molecules in environmental matrices are 

not standardized. (Christou et al., 2017b). Frequently sample preparation protocols, including 

extraction, separation, and detection for ARVD analyses not specific. These protocols are 

designed to analyse a wide range of physically and chemically varying pharmaceutical 

molecules, resulting in high detection limits which compromise estimation of potential risks 

(Geissen et al., 2015).  For this reason, Pullagurala et al. (2018) and Carter et al., (2019) 

recommended the development of robust analytical methods for analyses of pharmaceutical 

residues, preferably using novel approaches such as high-resolution mass spectrometry. In 

response to this call, this research focussed on one aspect of method development, 

optimization of chromatographic conditions, i.e, selection of appropriate mobile and 

stationary phases to analyze a mixture of acidic and basic ARVDs in complex environmental 

matrices. .  

Analytical approaches for analysing pharmaceutical compounds usually are dictated by the 

low concentrations of these contaminants in environmental samples. Due to severe matrix 

interferences, pharmaceutical contaminants in complex and heterogenous environmental 

compartments are primarily analysed using hyphenated techniques, i.e., separative 

accompanied by appropriate detection methods (Duarte and Duarte, 2020). Given that most 
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pharmaceutical molecules are ionizable, polar and non-volatile, liquid chromatography 

coupled with mass spectrometry is the main analytical instrument used to measure these 

molecules (Al-Farsi et al., 2017; Nannou et al., 2020). Liquid chromatography, combined with 

electrospray ionization (ESI), is preferentially used over gas chromatography. MS systems with 

ESI provide better sensitivity than atmospheric pressure chemical ionization for most 

pharmaceuticals (Meng et al., 2021). Other analytical methods, e.g. titrimetric, 

potentiometric, UV-vis spectrophotometry, and microbiological assays, exist; however, they 

are prescribed for the assay of bulk drug materials (Siddiqui et al., 2017).   

The high-resolution mass spectrometry approach (HRMS) (which was employed in the 

present study) is the most advanced of the mass spectrometric systems. Its most significant 

advantage compared to other mass spectrometry systems like conventional tandem mass 

spectrometry (MS/MS) is that it assigns accurate molecular masses. It provides the highest 

possible precision of m/z measurements, which is especially important when analysing 

analytes in a complex matrix. HRMS typically delivers a resolution (30,000-70,000 FWHM 

twenty times greater than conventional quadrupole or linear ion trap mass spectrometers. 

Additionally, HRMS is ideal even for untargeted analysis in identifying metabolites (Kuchař et 

al., 2016; Meng et al., 2021). In HRMS, the ions introduced by the electrospray in the mass 

analyzer are trapped in an ultra-high vacuum. The detector picks the current of the ions, and 

the signal is Fourier transformed to yield high-resolution mass spectra (Eliuk and Makarov, 

2015) 

1.3.3 Uptake of ARVD pharmaceuticals in plants    

Uptake and accumulation data of a majority of therapeutic classes of pharmaceuticals is 

available, except for ARVDs, as shown in Table 1.2. Given the high ARVD occurrence levels in 
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African surface and wastewater streams, as discussed in Section 1.3.1.1, reusing these 

contaminated waters in soil amendment would contaminate agroecosystems. Hence the 

need to assess the uptake tendencies of ARVDs in plants. Uptake of xenobiotics 

predominantly occurs via the roots, and the processes can either be a compound active or 

passive process. The former relies on the characteristic of the contaminant, whereas the 

passive process depends on the prevailing weather conditions that affect the transpiration 

stream (Kumar and Gupta, 2016). For example, elevated temperatures and low humidity 

favour increased evapotranspiration and, consequently, higher rates of uptake and 

translocation in the plant (Kumar and Gupta, 2016). The physiological nature of the plant, 

duration of exposure and the xenobiotic concentration in the exposure medium also 

significantly influence the magnitude of uptake (Bartrons and Peñuelas, 2017a; Bartrons and 

Peñuelas, 2017b; Christou et al., 2019a).  

In addition to evaluating the of uptake of a particular contaminant, further recommends 

monitoring phytotoxic and other stress-related phenomena on the receptor plants. It also 

calls for developing appropriate models to describe uptake since current models are either 

too simplistic or data-intensive (Bartrons and Peñuelas, 2017a; Hurtado et al., 2017).  

The nature of an organic contaminant significantly determines its magnitude of accumulation 

in plant tissues. For example, the non-steroidal anti-inflammatory drug (NSAIDs), 

carbamazepine, (log 2.45(Kow 2.45) and lamotrigine (Kow 2.57), all which exhibit mid-

hydrophobicity, accumulated in vegetables at concentrations one order higher than the 

concentrations of similar nonionic molecules of lower hydrophobicity, i.e. sulfapyridine 

(antibiotic) (Kow 0.35) and caffeine (stimulant) (Kow 0.07) (Goldstein et al., 2014). 
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While hydroponic-based uptake experiments do not mimic actual field conditions, they 

contribute toward the rapid elucidation of uptake mechanisms and identify priority 

pollutants. Therefore, investigations should be conducted in well-characterized soil at 

environmentally realistic concentrations. For example, in Wu et al. (2015), the 

bioconcentration factors  (BCFs)  in hydroponics were as high as 840 L kg-1, while in soil-based 

experiments, they were as low as background to 40 L kg-1 for the same compounds. Indicating 

that not all contaminant was available for uptake in the soil. The uptake experiments in this 

research were first performed in hydroponics (Chapter 3), then upscaled to a synthetic 

wastewater-only environment and then in well-characterized soils irrigated with 

contaminated synthetic wastewater, and will be discussed in Chapter 5 and Chapter 7, 

respectively.   

1.3.4 In-plant pharmaceutical biotransformation biotransformation 

After permeating the root, xenobiotics may be biotransformed by the plant enzymes into a 

more hydrophilic molecule, reducing its accumulation (Dudley et al., 2019 Sun et al., 2019). 

Natural biodegradation of xenobiotics in plants depends on the availability of enzymes and 

has not been studied for a wide range of emerging pollutants, including ARVDs  (Geissen et 

al., 2015). In plants, biotransformation involves the combination of the transformed 

molecules with natural molecules such as sugars and amino acids, then catalyzed by enzymes 

(Wu et al., 2021). It is important to note that, as with the parent molecule, metabolites may 

be a potential risk to the exposed receptors in the food chain (Celiz et al., 2009) hence the 

need to analyze their occurrence in matrices of concern. As revealed in 
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Table 1.1, the most consistent proposal from more than half of the reviews was for 

investigations into the biotransformation of pharmaceuticals in agroecosystems. Little is 

known about in-plant biotransformation processes, metabolic reactions and resulting 

metabolite products because the processes are plant and compound-specific (Shi et al., 

2022).Nonetheless, in-plant biotransformation of several pharmaceuticals, including 

ibuprofen and diclofenac, which formed glycoside conjugates in a carrot cell structure, has 

been reported (Wu et al., 2016)  

Concerning extraction and detection methods, absence of targeted extraction approaches 

haspartly fuelled the scarcity of metabolite data. For this reason, it is beneficial if extraction 

methods for the parent molecules simultaneously extract associated metabolites to enhance 

laboratory throughput. Initially, existing conventional detection methods focussed only on a 

priori select chemicals i.e. targeted chemicals. Currently, advanced mass spectrometric 

techniques permit full scan screening capability, allowing retrieval of many transformation 

products (Geissen et al., 2015). The present research describes the identification and semi-

quantification of in-plant ARVD transformation products in Chapter 4. 

1.3.5 Soil and wastewater properties impacting the availability of pharmaceuticals to 

plant roots 

Lessof  pharmaceutical molecule behaviour is known in soil-plant agroecosystems (Madikizela 

et al., 2020; Shi et al., 2022). At the same time, establishing 'normal contaminant 

concentrations' in soils is vague since these molecules do not occur naturally in the 

environment; hence, any concentration is considered a potential risk (Rodriguez-Eugenio et 

al., 2018). There is hardly any information on the fate of ARVDs in the terrestrial environment 

(Madikizela et al., 2020). Once deposited in agricultural soils, most organic contaminants are 

involved in several interrelated processes, including sorption and degradation. Sorption is 
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predominantly determines the molecules' mobility and their availability for uptake (Paz et al., 

2016 ;Shi et al., 2022).  

For this reason, Kuppusamy et al. (2018) recommended assessing the long-term 

environmental effects of veterinary antibiotics in different soil types. Consequently, the 

environmental impacts of other pharmaceutical molecules, including ARVDs, should be 

evaluated. Carter et al. (2019) reported on the scarcity of information regarding these 

molecules' interactions with soil. The present study contributes to this information gap by 

evaluating the short-term binding tendencies of ARVDs in two soil types in Chapter 6. While 

in soils, the distribution and transformation of these organic xenobiotics are mainly impacted 

by the soil's organic matter (SOM), dissolved organic matter (DOM), pH and soil salinity 

(Wauchope et al., 2002; Müller et al., 2007). The introduction of wastewater (via irrigation), 

which by itself is a complex matrix consisting of organic suspended material, effluent 

dissolved organic matter, bacteria and minerals (Jaramillo and Restrepo, 2017; Ofori et al., 

2021), modifies the existing processes further enhancing the complexity of their fate in 

agroecosystems (Peña et al., 2020). 

1.3.5.1 Soil organic matter (SOM) 

SOM is a critical organic sink for organic contaminants. It controls the extent of sorption by 

either decreasing or increasing the mass of molecules available for uptake by controlling the 

amount of contaminant interacting with the root of a plant. For this reason, the only fraction 

available for uptake is the molecule dissolved in the soil pore water (Miller et al., 2015). This 

partitioning between the molecule and solid sorbent is described by the soil-water 

partitioning coefficient, Kd or the organic carbon-normalized sorption coefficient, Koc 

(Kodešová et al., 2015; Peña et al., 2020). 
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The presence of strongly sorbing material in soils, e.g. biochars, increases the soil’s cumulative 

binding potential to organic micropollutants, further limiting plant uptake. For example, 

carbamazepine partitioned to biochar-amended soils three times higher than in the 

unamended soils, effectively reducing its uptake in ryegrass by between 17-64 % (Williams et 

al., 2015a). Similarly, soil column experiments revealed reduced mobility with increased SOM 

(Chefetz et al., 2008).  

A key characteristic of SOM is that its charge is pH-dependent, and a vital sink for ionizable 

organic contaminants. It contains several –COOH groups which deprotonate at the 5-8 pH 

range (typical for most agricultural soils). For the polar and ionizable molecules, other 

interactions beyond usual hydrophobic interactions, e.g. hydrogen bonding, cation 

exchanges, protonation, and surface complexations, are involved (Williams et al., 2015a The 

higher  SOM is present in the soil, the higher the soil's tendency to sorb positively charged 

ions (Neuman, 2017)  

1.3.5.2 Effluent Dissolved organic matter (DOMEF)  

Due to the complex nature of the effluent wastewater matrix, its reuse impacts the fate of 

pesticides added to soils for pest control (Peña et al., 2020). Similarly, DOMEF influences the 

fate of pharmaceuticals in soil and the resultant uptake in receptors, e.g. plant or soil fauna 

(Michael-Kordatou et al., 2015). The dissolved organic carbon either enhances or reduces the 

mobility of organic contaminants in soils (Ding et al., 2011; Haham et al., 2012), influencing 

plant uptake. DOMEF may facilitate the movement of organic molecules within the soils by 

forming soluble complexes with the contaminants or competing for sorption sites on soil 

particles. For example, competition for active sites in the bulk of soil particles was noted 

between carbonyl and phenol moieties of DOM and sulfapyridine (Haham et al., 2012). Also, 
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sometimes, DOM sorbs to soil particles and together with the SOM, they enhance the binding 

association with the contaminants (Haham et al., 2012). Interestingly, the sorptive tendencies 

of the same organic contaminant may behave differently depending on the concentration and 

composition of the DOM (Peña et al., 2020). 

1.3.5.3 Wastewater solution chemistry 

The varying pH of wastewater affects the mobility of most pharmaceuticals by inducing the 

dissociation of their functional groups (Borgman and Chefetz, 2013). Increase in wastewater 

pH enhanced the transport of sulphonamide antibiotics due to the increase in the negatively 

charged sulphonamide species (Kurwadkar et al., 2011). On the other hand, increasing the 

alkalinity of soil columns packed with sandy soil increased the acidic naproxen's mobility due 

to the carboxylic group's deprotonation (Schaffer et al., 2012). 

1.3.5.4 Degradation in soils 

As mentioned earlier, the utilization of wastewater in agroecosystems can modify soil 

properties influencing the vulnerability of organic contaminants to degradation. Wastewater 

introduces microorganisms that are exogenous to the soils, thereby contributing to 

biodegradation or inhibiting the functions of the previously endogenous bacteria community  

(Peña et al., 2020). In soil systems, degradation of organic contaminants is largely biotic 

influenced, driven by the soil microbial community and activity. Chemical and photochemical 

processes mediate abiotic decay. The resulting abiotic and biotic transformation may alter 

the contaminant concentration available for uptake in the amended soils.  
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1.4 ARVD selection criteria 

Since the most significant ARVD burden exists in Sub-Saharan Africa, as described in section 

1.3.1.1, molecules of interest for further study were selected from amongst the commonly 

prescribed antiretrovirals from Kenya's Ministry of Health ART protocols (The star, 2018). Five 

ARVD drugs were selected, covering the antiretroviral (nevirapine, lamivudine, efavirenz) and 

antiviral (acyclovir and oseltamivir) classes of pharmaceuticals. The pharmacology (typical 

dosage, excretion levels and associated side effects) are shown in Physical-Chemical 

characteristics 

The variation in the physicochemical characteristics of the selected molecules is shown in 

Table 1.3. The behaviour of the pharmaceuticals depend on their physical-chemical 

characteristics, such as the octanol-water partitioning (Kow), dissociation constant (pKa), soil 

partition coefficient (Kd), and solubility. The selected ARVD compounds were within the small 

organic molecule region extending from 200 - 400 g mol-1. Acyclovir and lamivudine exhibited 

exceptionally high water solubility, 9.0 and 13.8 mg mL-1, respectively, which was several 

magnitudes higher than nevirapine and efavirenz, 0.19  mg mL-1 and 9.3×10-5 mg mL-1 

respectively.  
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Table 1.3. Physical and chemical structures of selected ARVDs  (integers within the structures denote the acidic/basic protons)  

ARVD Molecular structure 
MWa 

(g mol-1) 

Solubility a 

( mg mL-1) 

Log Kow
a 

 

Acid/basic 

characteristics 
pKa 

 

 

Acyclovir 

(ACV) 

C8H11N5O3 

 

 

 

225.208 

 

9.0 

 

 

-1 

Amphoteric 

(weakly basic) 

Basic 3.02 

Acidic 11.9 

 

 

Lamivudine 

(LVD) 

(C8H11N3O3S) 

 

 

 

 

229.25 

 

13.8 

 

-1 

 

Weak base 

 

2.7 
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Oseltamivir  

(OSV) 

(C16H28N2O4) 

 

 

 

312.40 

 

0.811 

 

1.16 

 

Weak acid 
 

 

Nevirapine 

(NVP) 

(C15H14N4O) 

 
 

 

266.29 

 

 

0.191 

 

2.4 
Amphoteric/ 

weakly basic 
3.2 

Efavirenz 

(EFV) 

(C14H9ClF3NO2) 

 

 

 

 

 

315.67 

 

 

0.0a 

9.3E-5 b 

4.5 Weak acid 12.52 

a (ChemAxon, 2021)
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1.4.1 Acid and base characteristics of select ARVD compounds 

Understanding the acid-base characteristics of the ARVDs facilitates the rationalization of 

their behaviour in the mobile phase during analyses. The strength of a weakly acid or weakly 

base molecule depends on its ability to lose or gain protons.  Sometimes the designation of 

pKa does not categorically differentiate proton loss from acid or a conjugate acid of a base 

(whereby the conjugate acid is protonated salt forms of the corresponding bases) (Gallicano 

and Kashuba, 2000). Herein, pKa was used to describe the acid-base nature of the ARVDs, in 

relation present functional groups in the molecules. 

Weakly acidic -molecules are compounds with functional groups whose protons can easily be 

deprotonated. Lamivudine is weakly basic with a pKa value of 2.7. Nevirapine has a pKa value 

of 3.2. This value may suggest a moderately strongly acidic molecule, but nevirapine has only 

a single acidic proton and three basic nitrogen atoms. Therefore, the acidic pKa reflects the 

deprotonation of one of these centres, which is consistent with NVP's high solubility at pH > 

3 (ChemAxon, 2021) Acyclovir is amphoteric. It has two basic nitrogen atoms, one singly acidic 

proton and one acidic hydroxyl oxygen atom. It has two pKa values, a basic 3.02 and an acidic 

pKa value is 11.9. Acyclovir is amphoteric with weakly acid and weakly basic groups 

(Susantakumar et al., 2011;  Shamshina et al., 2017). Efavirenz is weakly acidic molecule. It 

has the strongest basic pKa of -1.49, which is highly unlikely in the actual environment. 

Therefore, the strongest acidic pKa of 12.52, which is probable, shows the alkaline strength 

required to abstract the hydrogen from the single basic nitrogen. Oseltamivir has two 

acidicprotons. The pKa values of 9.26 and 14.03 reflect the acidic strength required for 

deprotonation.  
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1.5 Research Aims and objectives 

1.5.1 Research aim 

The overall aim of the present study was to investigate the the fate of anti(retro)viral 

pharmaceuticals in the soil, wastewater and plant matrices irrigated agroecosystems. 

1.5.1.1 Specific research objectives 

The specific research objectives and the chapters wherein they were discussed are listed 

below: 

i. To review knowledge on pharmaceutical contamination of agroecosystems to 

identify existing research gaps in RWW irrigation practices that merit further 

research (Chapter 1). 

ii. To develop and optimize a selective chromatographic analytical method for 

separating differing ARVDs characteristically by evaluating the influence of eluent 

and stationary phases (Chapter 2). 

iii. To evaluate the magnitude and mechanism of uptake of selected ARVDs in lettuce 

using hydroponics (Chapter 3) 

iv. To investigate in-plant biotransformation of accumulated ARVD molecules in lettuce 

plants (Chapter 4) 

v. To assess the impact of wastewater matrix on the uptake of ARVDs in plants in a 

wastewater-only environment (Chapter 5). 

vi. To assess the sorption/desorption characteristic of ARVDs in soils using freshwater 

and synthetic wastewater (Chapter 6). 

vii. To measure the magnitude of uptake in lettuce following irrigation with ARVD-

contaminated synthetic wastewater in a controlled soil-plant system (Chapter 7). 
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Chapter 2 : Materials and methods                                                                                                 

Selection of chromatographic conditions for the analyses of antiviral compounds using  LC-

HRMS 

Overview 

A stepwise procedure for identifying optimum mobile and stationary phase conditions for 

separating the select anti(retro)viral compounds (ARVDs) is described herein. Summarily, the 

selectivity of seven eluents of varying pH and two characteristically differing stationary 

phases, C18 and phenyl-hexyl, were evaluated, particularly concerning signal response and 

resolution. A higher signal response was obtained from alkaline eluents (pH > 8) eluents than 

from low pH (pH < 7) eluents across all molecules. The signal response from the two stationary 

phases was not noticeably different; however, a better resolution was obtained from the 

phenyl-hexyl column. 

2.1 Introduction 

The analyst must accurately separate and measure an ever-increasing number of organic and 

ionizable compounds that are physically and chemically unique and accumulate in complex 

matrices. Reversed-phase liquid chromatography-electrospray ionization-mass spectrometry 

(RPLC-ESI-MS) is the technique of choice for such analyses. RPLC-ESI-MS is capable of 

separating, detecting and analyzing small molecules (m/z < 400) such as pharmaceuticals and 

metabolites due to its specificity, sensitivity and the provision of crucial structural information 

(Henriksen et al., 2005). During method optimization, the large diversity in the choice of 

experimental conditions, including stationary phases (SP), mobile phases (MP), organic 

modifiers, analyte concentration, mobile phase additive, flowrate and solution pH (Kamel et 

al., 1999), usually present a method development selection challenge to the analyst. ARVDs, 

for example, contain different functional groups with divergent pKa values, which induces 
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varied signal responses and analyte resolution challenges (Prasse et al., 2010). Such 

differences may demand custom-made protocols for individual molecule analyses, an 

approach which reduces sample throughput (Henriksen et al., 2005).  

Optimization influences selectivity, sensitivity, and resolution and is achieved by adjusting the 

pH of the organic or aqueous eluents by incorporating additives (pH modifiers and buffers). 

Eluent composition influences the formation of ions in solution, which impacts the detection 

and sensitivity of mass -spectrometers (Heinisch and Rocca, 2004; Li et al., 2010; Rainville et 

al., 2012). Correcting for low sensitivity in the mass spectrometer either demands adjustment 

of the structure of the solute or modification of the eluent. Of the two alternatives, eluent 

adjustment is more feasible than molecule derivatization, underscoring additives' significance 

during analyses (Gao et al., 2005). 

Organic modifiers in reverse-phase chromatography negate the de-wetting effect that arises 

from strongly aqueous eluents. De-wetting induces poor retention, reproducibility, and low 

selectivity  (McCalley, 2010a). Methanol (MeOH) and acetonitrile (MeCN) are preferentially 

employed as organic modifiers for LC-MS detection. The two modifiers are distinct. While 

MeOH is a protic solvent with dissociable hydrogens and can undergo hydrogen-bonding 

through the O-H group, MeCN is an aprotic solvent (contains no dissociable hydrogen) (Boyes 

and Dong, 2018). 

Since more than 70 % of pharmaceutical molecules are weak bases and approximately 20 % 

are weakly acidic (McCalley, 2010b), most pharmaceutical analyses use mobile phases in the 

pH 2-4 range (Dong, 2006; Dong and Boyes, 2018). These low pH solutions facilitate the 

ionization of the basic molecules in the mass spectrometer and limit the dissolution of the 

silica backbone in conventional SPs (Espada and Rivera-Sagredo, 2003; Tan and Fanaras, 



28 
 

2019). However, these acidic mobile phases have limitations, such as weak retention of 

analytes in the stationary phase, generation of peak shape with poor asymmetry-primarily 

peak tailing, low resolution, and low loading capacity (McCalley, 2010b; Voisin et al., 2012). 

Similarly, in the analyses of ARVDs, most reported research confirms the preferential 

utilization of acidic conditions (Table 2.1). There is little information on the analyses of ARVDs 

using an alkaline mobile phase, only a few, such as Zhang et al. (2009), resolved entecavir 

(anti-hepatitis B) using alkaline eluent.    

Despite the considerable diversity of experimental conditions, keeping the final selection 

practically feasible is desirable. For this reason, modern trends and best selection practices 

advocate for the reduction or non-incorporation of additives in the mobile phases, simpler 

binary mixtures, and linear eluent gradients (Boyes and Dong, 2018).  

The objective of this study was to evaluate the influence of eluent composition and the type 

of stationary phase in the analyses of acidic and basic ARVDs described in section 0 by 

considering the compound resolution and the generated analyte signal response and 

consequently select the most appropriate mobile phase and stationary phase for ARVD 

analyses 
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Table 2.1 Recent studies on analyses of ARVDs molecules on various matrices (unless specified, 0.1 % FA was prepared in H2O)  

 

ARVD Matrix 

Stationary phase 

Column dimension 

(particle size µm x ID 

mm x length 

mm) 

Mobile phase 

 

 

pH range 

carbon 

loading 

Endcapping 

mass analyser/ 

ionization 

source 

Reference 

Tenofovir, lamivudine and 

nevirapine 
Human hair Platsil ODS C18 (5 µm 

A:2 mM Ammonium 

acetate 

B:MeOH:H2O (80:20)   

1-11 

 

 

qqqMS/ 

ESI+ 

(Wu et al., 

2018) 

Amantadine, rimantadine, 

oseltamivir, oseltamivir 

carboxylate, memantine, 

arbidol, and moroxydine 

acyclovir, ganciclovir, 

famciclovir, penciclovir, 

ribavirin 

Chicken 

muscle 

Agilent SB-Aq C18 

1.8×3× 100, 

A:0.1 % FA 

B: MeOH 
1-8 

qqqMS/ 

ESI+ 

(Mu et al., 

2016) 

Dolutegravir, Elvitegravir 

Cobicistat 

Human 

plasma 

X-Bridge C18 

2.1× 50 

A:0.1 % FA    

B:MeOH in H2O 

(80:20) 

 
qqqMS/ 

ESI+ 

(Penchala et 

al., 2016) 

Emtricitabine, tenofovir 

disoproxil efavirenz 

Aqueous 

samples 

and plants 

Luna Omega C18 

column 

3×4.6×50 

A:0.1 % FA 

B:0.1 % FA in MeCN 
 

HRMS/ 

ESI+ 

(Mlunguza et 

al., 2020b) 
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Simeprevir, daclatasvir, 

sofosbuvir 

Human 

plasma 

MassTox TDM 

MasterColumn A (50×2 

mm) 

A:0.1 % FA 

B:0.1% FA in MeOH 
 

qqqMS/ 

ESI+ 

(Ferrari et al., 

2019) 

Nevirapine, efavirenz and 

lopinavir 

Human 

blood 

Kinetex  F5 100 Å 

(2.6×2.1×50) 

A:0.1 % FA 

B: 0.1 % FA in MeOH 
 

qqqMS/ 

ESI+ & posneg 

switch 

(Duthaler et 

al., 2017) 

Dolutegravir, elvitegravir 

rilpivirine, Tipranavir 

Nevirapine,Nelfinavir 

Etravirine, Maraviroc 

Indinavir, Efavirenz 

Human 

plasma 

Acquity UPLC HSS T3 

1.3×2.1×150 

A: 0.05 % FA  

B: 0.05 % formic acid 

in MeCN 

 

 

qqqMS/ 

ESI+ for all 

ARVD 

ESI- for EFV only 

(Simiele et al., 

2017) 

Tenofovir 

Efavirenz 

 

Biological 

tissues 

Mediterranean Sea 

C18 

2.1×100 mm, 3 µm 

A: 0.1 % FA   

B: 0.1 % FA in MeCN   
 

qqqMS/ 

ESI+ for 

tenofovir 

ESI- for 

efavirenz 

(Barreiros et 

al., 2017) 

Tenofovir, emtricitabine, 

dolutegravir 

Human 

tissue 

XBridge C18 

, 5 µm 

A: H2O 

B: 0.1 % FA in MeCN 
 

qqqMS/ 

ESI+ 

(Patel et al., 

2019) 

Umifenovir (Arbidol) wastewater 
Nucleodur PFP column 

50×2.1 mm, 1.8 µm 

A:0.1 % FA  

B: MeOH 

1-9 

endcapped 

HRMS/ 

ESI+ 

(Ul’yanovskii 

et al., 2022) 

 

Efavirenz, lamivudine 

nevirapine 

 

Aqueous 

sample 

Hypersil gold 

50×2.1 mm, 1.9 µm 

A: 0.1 % FA  

B: 0.1 % FA in MeOH  
1-11 

HRMS/ 

ESI+& ESI- 

(K’oreje et al., 

2018a) 
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Atazanavir, efavirenz, 

lopinavir nevirapine 

abacavir, lamivudine 

zidovudine 

 

 

Wastewater 

Hypersil Gold C18 

50×2.1 mm, 1.9 µm 

A: 0.1 % FA 

B: 0.1 %  FA in MeCN  

 

1-11 

qqqMS/ 

ESI+ 

(Abafe et al., 

2018) 

Nevirapine, Efavirenz wastewater 
HSS T3 

150 ×2.1 mm, 1.8 µm 

A:0.1 % FA 

B: Acetonitrile 

 

 
qqqMS/ 

ESI+ & ESI- 

(Mosekiemang 

et al., 2019a) 

Nevirapine, Efavirenz 
Aqueous 

sample 

Acquity UPLC, BEH 

shield 

150 ×2.1 mm, 1.7 µm 

A: 0.1 % FA 

B:0.1 % FA in MeCN 
 

qqqMS/ 

ESI+ & ESI- 

(Adeola et al., 

2021) 
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2.2 Materials and method 

2.2.1 Instrumentation 

Separation, characterisation, identification and quantitation of the ARVDs compounds was 

carried out using a hybrid quadrupole-Orbitrap High-Resolution Accurate Mass-Mass 

Spectrometer coupled with a Liquid Chromatography system (LC/HRAM-MS). The system was 

a Dionex U3000 HPLC reverse phase liquid chromatography system coupled with Q Exactive 

Focus Orbitrap mass spectrometer (resolution 70,000 @ m/z 200) that was fitted with a 

heated electrospray ionisation source (HESI, Thermo Scientific, Hemel Hempstead, UK). 

2.2.2 Preparation of standards 

Individual ARVD stock standards were prepared on a weight basis in either MeOH or dimethyl 

sulfoxide (DMSO). A mixture of the particular ARVDs stock was prepared in 30 % MeOH in 

high-purity water (HPW, 18.2 MΩ cm resistivity). Working solutions were prepared in the 1-

100 µg L-1 concentration range. All stock solutions and associated dilutions were stored in 

amber-coloured vials at 4 °C. 

2.2.3 Mobile phase and column selection 

The present research followed the standard convention that mobile phase A refers to the 

aqueous fraction, and mobile phase B is the organic modifier. Method optimization was 

systematically conducted by running the test eluents and recording the generated analyte 

signal responses. The seven eluents under investigation are shown in Table 2.2 and were 

prepared by dissolution or mixing the selected additive in high-purity water. Appropriate pH 

adjustment was performed with either 0.1 M ammonia solution (NH4OH) or 0.1 M formic acid 

solution. The pH range of the seven mobile phases A eluent was from 2.6 to 10.8. In the 

present study, the mobile phase pH referred to the pH of the aqueous eluent only, not the 
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apparent pH. Contamination was prevented by measuring the pH eluent as an aliquot in a 

separate vial. The vial's content was after that discarded to avoid contamination from the pH 

probe's tip. The apparent pH (pH of the binary mixture) is often not expected to differ from 

the aqueous eluent pH. For example, in (Kamel et al., 1999), the pH of the mixture of several 

aqueous and organic modifiers (MeOH) eluents mixed in equal portions did not differ by more 

than ± 0.2 pH units from the initial aqueous eluent pH. In this study, additives were only added 

to the aqueous eluent. 

Table 2.2. Aqueous mobile phases evaluated during method development 

Mobile Phase pH 

0.1 % formic acid (FA) in H20 2.6 

0.1 % ammonia (NH3) in H20 + 0.1 % formic acid (FA) in H20, (pH unadjusted), 
(1:1, v/v)  
 

4.2 

10 mM Ammonium formate  (formate (AmFo) (pH unadjusted) 6.3 

Pure LC-MS water 7.2 

10 mM Ammonium formate (adjusted with NH4 solution) 8.4 

0.1 % Ammonia in H20 + 0.1 % formic acid in H20 (adjusted by NH4 solution) 8.4 

0.1 % ammonia in H20 10.8 

 

 Five µL of a 50 µg L-1 ARVD mix standard was injected into the LC-HRMS and eluted with the 

test eluents, and the generated ESI chromatographic signal response was observed. The 

eluent that induced the highest signal response (ion count) with the adequate resolution was 

selected for the subsequent optimization steps. The organic modifier was selected after 

identifying the appropriate aqueous mobile phase. Column performance between the C18 

and phenyl-hexyl stationary phases, whose characteristics are described in section 2.2.4, was 

evaluated by assessing each column's resolution, retention times, peak shape, and signal-to-

noise ratio. The ionisation mode was selected by evaluating the signal response obtained 
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under positive (ESI+), negative (ESI-) and signal switching modes. While the buffer 

concentration, column temperature and gradient profile parameters may also impact the 

signal response, they are less critical  (Ruta et al., 2012) and were not tested. The mass 

spectrometric conditions shown in Table 2.3 were kept constant. 

An ideal approach to evaluate the selectivity of the eluents and electrospray response would 

have been through a direct infusion of the analyte in the eluent into the mass spectrometer 

bypassing the column, an approach used by Kamel et al. (1999) and Erb and Oberacher, 

(2014). However, such an approach is devoid of stationary phase contribution. Given that in 

actual analysis, the eluent permeates through the column, it was necessary to have the 

column affixed to accurately collate the cumulative impact of the mobile phase and stationary 

towards the ARVD compounds. 

The analyte solutions were infused into the chromatographic system as a 'clean solvent' 

rather than a matrix. The assumption was that the responses observed would be replicated 

when the analyte was in the matrix. This approach was taken because the entire study 

consisted of three separate matrices (soil, wastewater, and plant tissue). It was not feasible 

to replicate analytical runs under these different matrices. Nonetheless, calibrations and 

recoveries were performed and calculated during the individual experiments with the 

appropriate matrix Detailed information on extraction recoveries and method optimization 

data is presented in the method sections of the preceding chapters. 
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Table 2.3. Chromatographic and mass spectrometric operating conditions 

Operating Parameter Operating Value 

Column temperature 50 0C 

Mobile phase components 
A=various additives in water, 

B=MeOH or MeCN 

Mobile phase flowrate 500 µL min-1 

Injector volume 5 µL 

Scanning range 100- 1500 m/z 

Scan type Full scan 

Ionization ESI positive and negative 

MS drying gas Nitrogen, 

Nebulizing pressure 60 psi 

Spray voltage 3.5 Kv 

Resolution 70000 

AGC target 1e6 

Capillary temperature 325 oC 

Auxiliary gas heater 425 oC 

 

The positive and negative ion spectra were obtained from the protonated [M+H]+ and 

deprotonated [M-H]-  molecular adducts shown in Table 2.4. 

Table 2.4. Monoisotopic mass and molecular adducts of ARVDs  

ARVD [M] [M+H]+ [M+NH4]+ [M-H]- 

Acyclovir 225.08619 226.09347 243.12002 224.07891 

Lamivudine 229.05211 230.05939 247.08594 228.04483 

Oseltamivir 312.20491 313.21218 330.23873 311.19763 

Nevirapine 266.11676 267.12404 284.15059 265.10948 

Efavirenz 315.02739 316.03467 333.06122 314.02011 

 

The signal-to-noise ratio (S/N) and peak widths were obtained from the peak detection 

algorithm within the Mass Lynx Freestyle vs 4.5 software.  

Peak tailing and fronting were measured by determining the peak asymmetry factor, As, 

estimated using Equation (2.1 
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 𝐴𝑠 =
𝑏

𝑎
 (2.1) 

Where a was the distance from the peak's leading edge to the midpoint (perpendicular to the 

peak's highest point) and b was the distance from the peak midpoint to the trailing edge of 

the peak measured at 10 % height. 

The resolution, Rs, a measure of the quality of separation between peaks, was determined 

using Equation 2.2.  

 𝑅𝑠 = (𝑡𝑅2 −  𝑡𝑅1)/(1.7 × 0.5 × (𝑤1 + 𝑤2) (2.2) 

 

Where t1 and t2 are the retention times of the two peaks, and w1 and w2 are the widths of the 

peaks at half height. 

Column efficiency was presented as the number of theoretical plates per column, as shown 

in Equation (2.3) 

 𝑁 = 5.54(𝑡𝑅 ∕ 𝑤0.5)2 (2.3) 

Where tR is the retention time of the analyte of interest and w0.5 is the width of the peak at 

half height. 

2.2.4 Characteristics of the selected stationary phases 

The separation efficiency of two encapsulated columns, a C18 and phenyl-hexyl type, whose 

characteristics are listed in Table 2.5 and illustrated in Figure 2.1, were evaluated. The phenyl-

hexyl stationary phase had the aromatic phenyl group and the hexyl carbon chain embedded 

in its surface. Correspondingly, the phenyl-hexyl had a lower carbon content than the C18 

column. The two stationary phases demonstrated selectivity over a wide pH range (1.5-11.0). 
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Table 2.5: Characteristics of selected stationary phases 

Column name Functional group 
Particle 

size (µm) 

Pore size 

(Å) 

Carbon 

content (%) 

C18 
Octadecyl 

encapsulated 
2.5 95 7.0 

Phenyl-Hexyl Phenyl-Hexyl 2.5 95 4.6 

 

The column encapsulation (Figure 2.1) increases the silica surface's ligand coverage, 

minimizing the leaching of unbonded silanol groups at high pH.  

 

 

Figure 2.1. Encapsulation of the stationary phases (Main sketches obtained from www.ace-
hplc.com) 

 

2.2.5 Data analyses 

Chromatographic and mass spectral data were obtained from Mass Lynx Freestyle vs 4.5 

software. The generated data were visually and arithmetically evaluated by interpreting the 

mass spectral resolutions and retention time of individual ARVDs. Results were presented as 

extracted ion chromatograms (EICs) and as graphs of ion intensities of the EICs as a function 

of the mobile phase or stationary phase.  

http://www.ace-hplc.com/
http://www.ace-hplc.com/
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2.3 Results and discussion 

2.3.1 ARVD ESI ion count signal response 

The cumulative signal response (across the two stationary phases) obtained from the test 

eluents is shown in Figure 2.2.  

 

Figure 2.2. The cumulative mean ion count signal response of the ARVDs from the seven 
aqueous eluents across the two stationary phases (n=3 ± SD) 
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Figure 2.3. ARVD signal response ion count (excluding NVP) was obtained from each mobile 
phase for the two stationary phases (n=3 ± SD). 
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Figure 2.4. ESI ion count signal response (cumulative signal response for all analytes) 
between the C18 and phenyl-hexyl stationary phases (n=3 ± SD) 

 

Figure 2.2 shows that NVP exhibited a signal approximately three orders of magnitude higher 

relative to the other ARVD molecules across the seven mobile phases A. For this reason, Figure 

2.3 was constructed excluding NVP to illustrate better the signal response variation between 

the remaining four ARVDs. In general, a satisfactory total ion current (TIC) signal response> 

1E6 (above the automatic gain control count (AGC) for all molecules. The measured signal 

strength for the remaining ARVDs was OSV > EFV > LVD > ACV. The acidic OSV and EFV signal 

was approximately two times higher than the weakly basic LVD and ACV. However, it is likely 

that the hydrophilic nature of ACV and LVD predominantly contributed to their lower signal 

rather than their weakly basic nature. According to Kamel et al. (1999), the more hydrophobic 

a molecule, the higher the signal response expected.  



41 
 

The cumulative signal response from the C18 SP was 6.5 % higher than the signal from the 

phenyl-hexyl stationary phase (Figure 2.4). Nonetheless, the variation was not significantly 

different (p=0.66). 

Concerning the individual eluents, the 0.1 % NH3 (pH 10.8) mobile phase yielded the highest 

signal response, which was 2.5 times higher than the 0.1 % FA (pH 2.6) and five times higher 

than the lowest signal obtained from the 0.1 % NH3 + FA mix (pH 4.2) eluent. The descending 

signal strength from the eluents was such that 0.1 % NH3 (pH 10.8) > 10mM AmFo (pH 8.4) > 

0.1 % NH3 +0.1% FA (pH 8.45) > 10 mM AmFo (pH 6.3) > ultrapure H2O (pH 7.2) > 0.1% FA (pH 

2.6) > 0.1 % NH3 +0.1% FA (pH 4.2). Generally, a higher ESI ion count signal response was 

obtained by the alkaline mobile phases with pH > 8. The response was approximately two 

times greater than the signal generated by eluents with pH ≤ 7.0. 

2.3.2 Mobile and stationary phase separation efficiency (resolution)  

After establishing the signal responses generated by the mobile phase A in the two columns, 

the separation (resolution) of the individual ARVDs in each column under the different eluents 

were assessed. The ARVDs should have been late-appearing (later than the solvent front of 

the mobile phase) within the run time rather than early-appearing, especially for the 

hydrophilic ARVDs. Usually, shorter retention times are desirable in chromatography, leading 

to shorter runtimes and, thus, higher sample throughput. In this study, the total 

chromatographic analysis time was 10 minutes. This terminology will be used in the remaining 

sections. 

2.3.2.1 Selectivity in a neutral environment (ultra-pure water, pH 7.2) 

Figure 2.5 A and B are the EIC showing the separation achieved by unmodified ultrapure 

H2O (pH 7.2). 
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Figure 2.5. Separation of the 5 ARVDs in (A) C18 and (B) Phenyl-hexyl with unmodified LC-
MS water, pH 7.2. 

Separation of the ARVDs in the C18 column, Figure 2.5 A, showed impeded separation 

between NVP-OSV. Moreover, OSV in both columns exhibited tailing tendencies, indicating a 

> 1 peak asymmetry factor, i.e., 2.5 and 2.2 in the C18 and phenyl-hexyl columns, respectively. 

Usually, a fronting peak exhibits an As value of < 1, while a tailing peak has an As value of > 1 

(Pápai and Pap, 2002). For a symmetrical peak, the value is 1. The higher the As value, the 

lesser the symmetry. Therefore the As > 2 obtained from the ultra-pure water mobile phase 

were undesirable and could lead to compromised quantification.  
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2.3.2.2 Selectivity in acidic environment (pH 2.6) 

Figure 2.6. Separation of 5 ARVDs in (A) C18 and (B) phenyl-hexyl as stationary phases in 0.1 

% formic acid.  

The C18 column in Figure 2.6 A showed inadequate separation between two sets of adjacent 

(in terms of retention time) ARVDs, i.e. ACV-LVD and OSV-NVP, exhibiting some co-elution 

tendency. Similarly, the separation of adjacent ACV-LVD in the phenyl-hexyl column Figure 

2.6 B was inadequate. Interestingly, 0.1 % FA, a low pH eluent, is extensively used elsewhere 

as an additive of choice, as indicated in Table 2.1.  
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2.3.2.3 Selectivity in basic pH environment (pH 8.4 -10.4) 

The separation of the ARVDs under three alkaline eluents was evaluated. 

 

 

Figure 2.7. Separation of 5 ARVDs in (A) C18 and (B) phenyl-hexyl in 0.1 % NH3 + 0.1 % FA (pH 

8.4) mix eluent  

Figure 2.7 A and B show that the  ARVDs exhibited identical separation patterns in C18 and 

phenyl-hexyl columns when the 0.1 % NH3 + 0.1 % FA mix was used as the eluent. Similarly, 

an identical separation pattern was observed when 10 mM AmFo (pH 8.4) was used as the 

eluent, as shown in Figure 2.8 A and B. 
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Figure 2.8. Separation of 5 ARVDs in (A) C18 and (B) phenyl-hexyl with 10 mM Ammonium 

formate (pH 8.4) as eluent  
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Figure 2.9: Separating the 5 ARVDs in the C18 stationary phase, using 0.1 % NH3 (pH 10.8) as 
the eluent.  

While the ammonia only, most alkaline mobile phase (0.1 % NH3 pH 10.8) yielded one of the 

highest ESI signal responses amongst the test eluents (Figure 2.4), its selectivity towards ACV 

in the C18 stationary phase was not satisfactory, as shown in Figure 2.9. ACV was early-

appearing, < 1 minute, and exhibited peak fronting tendencies.  

Figure 2.10 summarises the observations made in   Figure 2.5 to Figure 2.9. It illustrates the 

phenyl-hexyl column retention times normalized to C18 column retention times for all the 

test eluents. A retention time factor > 1 implied relatively longer phenyl-hexyl retention 

times.   Generally, relatively longer retention times were realized in the alkaline mobile 

phases, pH > 8.0 and the phenyl-hexyl columns for all analytes except for EFV in only three 

eluents.   
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Figure 2.10. Phenyl-hexyl ARVD retention times normalized to C18 obtained retention time, 
retention time factor >1 indicate longer retention time in phenyl-hexyl column 

 

The alkaline eluents achieved better resolution in the phenyl-hexyl columns than in the acidic 

eluents in the C18 stationary phase. The resolution of the problematic adjacent ACV-LVD and 

OSV-NVP was compared between the C18 and phenyl-hexyl columns using basic and acidic 

eluents and was presented in Figure 2.11. 
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Figure 2.11. Resolution between adjacent ARVD compounds from different eluents in the C18 
and phenyl-hexyl stationary phases. 

 

Usually, a minimum resolution of 1.7-2.0 between two adjacent peaks is considered adequate 

(LCGC, 2016). Figure 2.11 shows that separating the 'problematic' compounds was 

satisfactory in the phenyl-hexyl column as the resolution obtained was greater than 2, as 

indicated by the target line at level 2. The resolution of the molecules in the C18 column was 

weaker, especially between OSV-NVP in the eluents with pH ≤ 7.0. 

From the data gathered, two mobile phases, the 10 mM AmFo and the 0.1 % NH3 + 0.1 % FA 

mixture, both having pH 8.4, were considered candidate mobile phases for subsequent 

analyses. They induced similar separation with satisfactory resolution (Figure 2.7 and Figure 

2.8) and exhibited the second-highest ESI ion count signal (Figure 2.4). In (Dong and Boyes, 

2018), while aqueous ammonia hydroxide was considered a sufficient alkaline modifier, 

ammonium formate yielded excellent peaks for basic drugs. Elsewhere, ammonium formate 

buffer was used as a high pH eluent in pharmaceutical studies, such as in (Berg et al., 2013), 

whereby buprenorphine and fentanyl (opioids) were analyzed in human blood and in 
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Amundsen et al., (2013), where fifteen basic pharmaceuticals were also analyzed in bodily 

fluids. For these reasons, the 10 mM AmFo additive was preferentially selected for all 

subsequent analysis  

Acidic mobile phases are associated with peak tailing and low separation efficiency (Tan and 

Fanaras, 2019), consistent with the separation observed in Figure 2.6, where adjacent 

molecules, ACV-LVD and OSV-NVP, exhibited poor resolution and showed co-elution 

tendencies. When compounds co-elute, ion suppression is induced (Rainville et al., 2012). This 

co-elution likely contributed to the low ESI ion count signal response measured in the 0.1 % 

FA eluent, which was approximately three magnitudes lower than the alkaline-induced signal.  

While low pH eluents are preferentially used in ARVD pharmaceutical analyses, as highlighted 

in Table 2.1, the present research has shown that higher signals may be obtained with alkaline 

mobile phases. A two-fold increase in response signal was measured when 25 pharmaceutical 

compounds were analyzed in a high-pH environment than when they were analyzed in 

eluents modified by an acidic additive (Mess et al., 2009). Similarly, an LC-MS/MS study 

observed a 1.2-9.6 fold increase in the peak area of 21 out of 24 test compounds in basic 

aqueous eluents (pH 10) than in a standard acidic environment (pH 3) (Rainville et al., 2012). 

Delatour and Ledercq (2005) obtained the most efficient separation of 11 drugs at pH 8.5.  

Several mechanisms have been theorized to compensate for potential signal loss in the 

weakly basic compounds analyzed using neutral and alkaline eluents (since the basic 

compounds will be least ionized in this environment). One mechanism proposes that surface 

enrichment on the basic molecules with protons obtained from the electronically desorbed 

protons occurs in the surface layer of the nebulized droplets in the high potential regions in 
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the mass spectrometer. In contrast, proton transfer from the ammonium ions to the basic 

molecules may also occur (Delatour and Ledercq, 2005).  

The weakest signal in the present study was observed in the weakly basic ACV and LVD. This 

weak signal was not directly attributed to their basicity or acidity since their weak signal 

relative to the acidic compounds was constant in both alkaline and acidic environments. The 

weak signal was likely compound-specific since the two molecules exhibited the least 

lipophilicity. 

Concerning buffer concentration in the eluents, initially, conventional approaches employed 

higher buffer concentrations of up to 50 mM. Modern trends, however, recommend that 

concentration ranges between 5-20 mM (Dong and Boyes, 2018). The concentration of the 

AmFo buffer was not varied in the present study but was constantly maintained at 10 mM. In 

(Delatour and Ledercq, 2005), the ammonium formate and ammonium bicarbonate buffer 

varied between the 2-20 mM concentration range and did not impact the sensitivity in the 

analyses of 11 pharmaceuticals. Contrastingly, > 10 mM buffer concentrations were reported 

to increase ion suppression (Lupo and Kahler, 2017).  

It is noteworthy to mention that, at times, the effect of buffers on ionization is not well 

understood as it tends to be compound-specific (Tan and Fanaras, 2019). For this reason, 

while the present experiment endeavoured to monitor compound-specific responses, the 

overall objective was to identify chromatographic conditions that would simultaneously 

enhance optimum signal response and separation of all five  ARVD molecules. For this reason, 

the 10 mM concentration was selected as an appropriate level for the AmFo eluent buffer.   
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2.3.3 Signal-to-noise ratio 

While an increase in the ion intensity signifies a higher detection capability (sensitivity) (Page 

et al., 2007), the signal-to-noise (S/N) ratio data is essential as it is related to the limits of 

detection that may be attained (FDA, 2018).   

 

Figure 2.12. Signal-to-noise ratio across the C18 and phenyl hexyl stationary phases for AmFo 

(pH 8.4) normalized to 0.1 % FA  mobile phases (n=4 ± SD) 

The mean S/N ratio between the C18 and phenyl-hexyl stationary phases was 14.6 and 13.4, 

respectively, and was not statistically different (p=0.68). When S/N of 0.1 % FA normalized 

the S/N of AmFo, all values were > 1, indicating higher potential S/N from AmFo eluent, Figure 

2.12. The AmFo yielded S/N ratios were higher and different (p=0.002) from the 0.1 % FA 

obtained S/N, with a mean of 14.8 to 13.0, respectively. The S/N value of the weakly basic 

ACV and LVD was highest, as illustrated in Figure 2.12, consistent with Tan and Fanaras (2019), 

who noted that due to the improved peak shape and symmetry, basic compounds tend to 

have higher S/N ratios.   
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2.3.4 Column efficiency 

The column efficiency (N) may sometimes be evaluated by determining the number or height 

of the theoretical plate (h) between two selected columns using a mobile phase. 

 
Figure 2.13. Number of theoretical plates (n=3 ±SD) 

 

Usually, the higher the value of N, the more efficient a column is in the analyses of a 

compound. Figure 2.13 showed that apart from LVD, the phenyl-hexyl column efficiency for 

ACV, OSV, NVP, and EFV was between 3.5 to25.8 % higher than in the C18 column. 

2.3.5 Stationary phase selection 

Regarding the stationary phase, Figure 2.4 showed that the signal response difference 

between the C18 and phenyl-hexyl column was less than 0.1 % across all the ARVDs and tested 

eluents. On the other hand, the phenyl-hexyl column yielded better resolution, induced the 

preferred late-appearing peaks and possessed higher column efficiency for most ARVDs. For 

these reasons, the phenyl-hexyl was selected for subsequent analyses. 
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Several factors impacted the interaction between the ARVDs molecules and the surfaces of 

the stationary phases. In the C18 column, the unavailability of the alkyl chains for interaction 

likely contributed to the relatively early-appearing peaks relative to the phenyl-hexyl column. 

Often, when using highly aqueous mobile phases (> 90 % water), the water molecules 

aggregate around the C8 and C18 alkyl chains, blocking the groups, thus minimizing 

separation potential (Bocian and Krzemińska, 2019). In the present study, such high mobile 

phase aqueous levels occurred at the onset of the gradient flow when the aqueous fraction 

in the binary mobile phase was 100 % before gradually reducing. One remedy to this challenge 

was incorporating a phenyl group, into the bonded phases. The phenyl group provides 

complementary selectivity to a molecule’s aromatic functional group, unlike the alkyl-only 

chain in a C18 column. 

Another unique characteristic of ARVDs is their aromaticity (Jain et al., 2013). For this reason, 

another layer of phenyl-ARVD interactions involved π–π interactions between delocalized 

electrons in the molecules' aromatic centres and the stationary phase phenyl group. π–π 

interactions are direct attractive non-covalent interactions between aromatic moieties (Zhao 

et al., 2015). Hence it resulted in relatively longer retention times and enhanced the 

resolution of the phenyl-hexyl stationary phase. The C18 stationary phase has a higher carbon 

content (7 %) than the phenyl-hexyl (4.6 %) column (Table 2.5),  implying it is more 

hydrophobic and was expected to induce stronger interaction with the solute in the eluent 

(Chromatography Today, 2022). However, this hydrophobic-only interaction was weaker than 

the two-prong interactions in the phenyl-hexyl stationary phase, even for highly hydrophobic 

compounds such as EFV. For these reasons, the phenyl-hexyl column was selected for 

subsequent analyses. 
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2.3.6 Organic modifiers 

It is essential to mention that the already presented was generated while utilizing MeOH as 

mobile phase B. In this section, the selectivity of MeCN and MeOH is compared in terms of 

resolution and signal strength. 

 

 

Figure 2.14. Separation of ARVDs in (A) MeCN (B) MeOH organic modifiers in the phenyl 
column. 
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Poor separation was noted between the ACV-LVD when MeCN was used as an organic 

modifier; Figure 2.14A contrasted with the better MeOH-induced separation, Figure 2.14 B. 

The early-appearing peaks in MeCN (an apolar solvent) were possibly due to the reduced 

hydrogen bonding interactions. MeCN is an aprotic solvent deficient in dissociable hydrogens 

(Advanced Material Technology, 2007). 

Regarding the signal response, Figure 2.15 shows the MeOH signal normalized to the MeCN 

signal graph for each solute A  > 1 signal implying a higher response in MeOH than MeCN. 

Generally, a narrow variation in signal response, ≤ 5 times, was exhibited between all ARVDs 

except EFV. EFV was 100 times less responsive in MeCN than in MeOH. 

 

Figure 2.15. Signal response of ARVD molecules obtained in MeOH normalized with MeCN 

 

Sometimes additives can be added to an organic modifier ( e.g. in Abafe et al. 2018; Ferrari et 

al. 2019; and Mlunguza et al. 2020b). However, the drawback of such an approach is that the 

organic strength of the modifier may be compromised; moreover, it is another layer of 

complexity in sample preparation (Boyes and Dong, 2018). Nonetheless, MeCN has better 

separation efficiencies at low pHs than MeOH due to its low viscosity. At such low pH, 
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silanolphilic interactions are suppressed. However, extending to intermediate and higher pHs, 

MeOH provides better efficiencies as its deactivating effect on silanol groups are induced 

(McCalley, 1996  and McCalley, 2010a). 

MeOH and MeCN present varying selectivity and are excellent tools for method development. 

The 100- times difference in signal response measured in EFV between MeOH and MeCN 

highlights the need to perform method development tests because most compounds behave 

uniquely. MeOH was therefore selected as the preferred organic modifier for subsequent 

analyses. 

2.3.7 Adduct selection 

The signal response generated by the protonated [M+H]+, ammoniated [M+NH4]+ and 

sodiated [M+Na]+ adducts were measured. The adduct that yielded the highest signal 

response was selected for identification and quantification purposes. All data presented in 

the sections before were obtained from the individual ARVD protonated ion. Adduct 

formation is influenced by the mobile phase in use and plays an essential role in identifying 

specific species in the mass spectrum (Kruve and Kaupmees, 2017). 
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Figure 2.16: ESI signal ion count intensities from protonated, ammoniated and sodiated ion 

adducts obtained from separate eluents (n=3, ±SD) 

Figure 2.16 shows that the protonated adduct yielded approximately seven times higher 

magnitude ion count response than the other two adducts' signal response in all three tested 

mobile phases. The dominance of the protonated ion was beneficial because multiple adducts 

generating comparable intensities may sometimes induce signal suppression  (Kruve and 

Kaupmees, 2017). Therefore, the adduct was selected for subsequent identification and 

quantification purposes. While various factors impact the ESI ion count signal, adding trace 

amounts of aqueous ammonia to an eluent significantly increases the protonated ion signal 

via gas-phase proton transfer from the ammonium ion (Jin Yang et al., 2013). Therefore, the 

high protonated signal in the AmFo mobile phases was enhanced by 0.1 M aqueous ammonia 

solution pH adjustment. The ESI signal response of 11 protonated pharmaceutical analytes 

analyzed with NH4OH amended additive at pH 8.2 was 2-6 times higher than in an identical 
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ammonia solution adjusted to a lower pH (pH 6.6). At the same time, the signal was 110 % 

higher than in 0.1 % formic acid in the aqueous solution mobile phase (Jin Yang et al., 2013), 

which is consistent with the observation in the present research.  

2.3.8 Electrospray ionization mode 

The analytical runs were tested in three ionization modes, positive, negative and switching 

modes, to determine the most appropriate approach to generate the highest ESI signal 

response and be adapted for subsequent analytical runs.  

 
Figure 2.17. ESI ion count signal response generated at the positive, negative, switching mode 

(n=3 ± SD). 

 

Figure 2.17 shows that the negative mode generated the lowest signal response, 

approximately 85 % times lower than the signal generated in the positive and switching mode. 

The ion count from the positive-negative switching mode was 2 % higher than the positive 

ionization mode signal. However, the variation in response in the switching ionization mode 

was wider between individual molecules. A noteworthy observation was that, of all the ARVD 

molecules, EFV exhibited constant and identical signal responses across all ionization modes, 
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including the negative mode. Henriksen et al. (2005)  reported that acidic molecules might be 

preferentially analyzed in the negative ionization mode compared with basic molecules. In 

Table 2.1, Mosekiemang et al. (2019a), Barreiros et al. (2017), and Adeola et al. (2021) show 

that the molecule is frequently analyzed in negative ionization mode. Herein, all molecules 

were analyzed in the positive ionization mode. Usually, tuning the mass spectrometer to 

either positive or negative operating mode is guided by the proton affinity of the compound. 

Basic analytes are preferably analyzed in the positive mode as they can be protonated to form 

cations. Acidic molecules are deprotonated and detected in the anionic form using the 

negative mode (Henriksen et al., 2005; Steckel and Schlosser, 2019). 

2.4 Conclusion 

Data analyzed in the study showed that high-pH additives are sufficient to induce better 

selectivity, up to 5- times higher signal response and two times higher resolution in the 

analyses of both acidic and basic ARVDs. MeOH induced higher resolution and signal response 

at high pH than acidic eluents. Ammonium formate (10mM, pH 8.7), amended with aqueous 

ammonia, was selected as the aqueous mobile phase and methanol as the organic modifier. 

While there was minimal difference in the signal response between the C18 and phenyl-hexyl 

columns, the latter had superior resolution and produced desirable late-appearing peaks. Of 

all molecules, the efavirenz signal response was constant in both negative and ionization 

modes. However, its signal was 100- times lower when MeCN was used as an organic 

modifier. While positive-negative switching mode induced a comparable signal response to 

positive mode only, it was accompanied by wide variability.  
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Chapter 3                                                                                                                                              

Uptake, Accumulation and Impact of Antiretroviral and Antiviral Pharmaceuticals 

Compounds in Lettuce (Lactuca sativa) grown in a Hydroponic Environment 

 

This chapter is an edited version of the article: 

   Akenga, P., Gachanja, A., Fitzsimons, M.F., Tappin, A., Comber, S., 2021. Uptake, 

Accumulation and Impact of Antiretroviral and Antiviral Pharmaceutical Compounds in 

Lettuce. Sci. Total Environ. 766, 144499.  https://doi.org/10.1016/j.scitotenv.2020.144499 

Overview 

This study evaluated the root uptake mechanism of the ARVDs compounds in a lettuce plant 

that was hydroponically grown in a nutrient solution containing the ARVD pharmaceutical 

mixture in the 1-100 µg L-1 concentration range. The measured bioaccumulation showed that 

efavirenz and lamivudine accumulated the highest and lowest at concentrations of 3463 ng 

g-1 and 691 ng g-1, respectively. The translocation factor between the root and leaf for 

nevirapine was greater than 1. The highest concentration of the pharmaceutical mixture had 

a physiological impact on the Lettuce. Potential toxicity was evidenced by a statistically 

significant 34 % (p = 0.04) mean reduction in root and leaf biomass in the 100 µg L-1 ARVD 

exposed Lettuce compared with the controls. This study showed that when exposed to plant 

roots, ARVDs can accumulate in plants and act as a sink for ARVD molecules in an 

agroecosystem. It further elucidates the plant-root interactions and the ensuing mechanistic 

uptake of ARVDs based in plants based on the molecule's physical-chemical interactions and 

the potentially toxic effects of ARVDs on plants. 

3.1 Introduction  

Uptake of pharmaceutical (APIs) molecules by plants has been measured in contaminated 

aquatic and terrestrial environments (Ahmed et al., 2015; Goldstein et al., 2014; Hurtado et 

https://doi.org/10.1016/j.scitotenv.2020.144499
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al., 2016; Stacia R et al., 2014; Ben Mordechay et al., 2018; Paz et al., 2016; Carter et al., 

2018a; Kodešová et al., 2019). 

Contamination of plants via uptake by ARVDs is a public health concern, primarily because of 

the toxicity of ARVDs. A Q-SAR modelling study revealed that ARVDs were highly potent. In a 

class of 50 therapeutic APIs, ARVDs were predicted to be among the top eight most hazardous 

drugs (Sanderson et al., 2004). Furthermore, concerns about long-term risk from the 

untargeted wide-scale release of ARVD into the environment is the potential development of 

antiviral resistance in microorganisms (Jain et al., 2013; Bártíková et al., 2016; Nannou et al., 

2020).  

In agroecosystems, besides the public health concern on contamination of food crops, is that 

APIs may also induce toxic effects on plants affecting their physiological and development 

processes (Christou et al., 2018; Hillis et al., 2011; Liu et al., 2013; Rede et al., 2019; Sun et al., 

2018). A review of the impacts of APIs on plants revealed several toxic effects brought by 

antibiotics, anti-parasitic drugs, hormones, growth promoters and antifungals on plants but 

hardly provided any information on the physiological impact of ARVDs accumulated in plants 

(Bártíková et al., 2016). For example, the leaves exhibited burn-like features when the 

cucumber was exposed to a mixture of 17 pharmaceutical molecules at up to 1000 µg L-1 (Sun 

et al., 2018).  

Plant-API uptake studies with an African perspective include Sibeko et al. (2019).  They 

opportunistically detected non-steroidal anti-inflammatory drugs (NSAIDs) naproxen, 

ibuprofen, and diclofenac at concentrations of up to 12 ng g-1 in water hyacinth (Eichhornia 

crassipes) in river water in South Africa. Similarly, three antiretrovirals, emtricitabine, 

tenofovir disoproxil and efavirenz, accumulated at concentrations of 0.97 to 29.6 ng g-1 in 
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water hyacinth in wastewater treatment ponds (Mlunguza et al., 2020a). This latter study 

highlights the propensity of ARVD uptake in the natural aquatic environment. For these 

reasons, there is a need to elucidate the uptake mechanisms involved accurately. Such an 

implementation demands structured and systematic experiments, hence the present 

research. This study investigated the uptake of the four characteristically different ARVDs into 

Lettuce (Lactuca sativa). The advantage of hydroponic experiments is that they provide test 

conditions to rapidly screen and identify priority APIs that exhibit the highest uptake 

potential, which can inform in-depth plant–API fate studies. A drawback, however, is that 

hydroponic studies do not provide the complexity of a natural agroecosystem environment 

(Wu et al., 2015). Uptake processes can be either passive or active processes (Kumar and 

Gupta, 2016). This study focussed on active processes (solute specific), i.e. it solely 

concentrated on the molecule's characteristics rather than the existing environmental 

conditions.  

3.2 Materials and methods 

3.2.1 Preparation of standards and stock solutions 

Preparation and storage of stock solutions and standards followed the European Commission 

(SANTE/11813/2017, 2018) guidelines. LVD and OSV stock solutions were prepared in 50 % 

(v/v) MeOH: HPLC water solution. NVP and EFV stock solutions were made in 100 % MeOH. 

The standard mix was prepared in a common vial at 1 mg L-1 and was diluted to the 

appropriate working concentration. 

3.2.2 Liquid Chromatography – High-resolution mass spectrometry 

Analyte separation was performed by liquid chromatography (Dionex Ultimate 3000, Thermo 

Scientific) on a PhenylHexyl (Ace ultracore) (2.5 µm × 100 mm) stationary phase. The column 
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temperature was isocratic at 50 oC. The analytical run time was 9.8 min, starting from a mobile 

phase composition of 100 % 10 mM ammonium formate adjusted to pH 8.4 before 

transitioning to 100 % MeOH. The equilibration time was 2 minutes and a flow rate of 500 µL 

min-1. The mass spectrometric conditions were unchanged and are listed in Table 2.3. 

3.2.3 Method validation and optimization for extraction of ARVDs from the plant matrix 

The performance characteristics of the method of analyses were evaluated using extraction 

recoveries of the analytes from plant material, instrument and method linearity, method limit 

of detection and quantification (MLoD and MLoQ) and evaluation of matrix effects (ME). 

3.2.3.1 Determination of extraction pH and recoveries  

The ultrasonic-assisted extraction (UAE) approach adapted from (Wu et al., 2012) was 

employed to extract analytes from the plant matrix. Fresh Lettuce sourced from a local grocer 

was washed with high-purity water (HPW), chopped and freeze-dried. The freeze-dried 

sample was ground to powder. The recovery experiment was performed at two spiking levels, 

10 ng g-1 and 50 ng g-1. A 0.2 mass of ground lettuce was placed in a 50 mL polypropylene 

centrifuge tube and spiked with the four ARVD external standard mix stock to attain  the two 

desired spiking levels. Spiked samples were allowed to equilibrate for 24 hours. A 10 mL 

aliquot of the extraction solvent (MeOH: MeCN; 1:1, v/v) was added to the sample, and the 

tube was placed in an ultrasonic bath operated at 50 Hz for 15 min. The resulting supernatant 

was collected and centrifuged at 4000 rpm for 5 min. The sample residue was re-extracted, 

and the supernatants were combined before solvent reduction to ca 500 µL under a gentle 

stream of nitrogen gas. The reduced extract was diluted with 20 mL HPW water and then 

filtered through a 0.7 µm glass fibre filter (GF/F). The optimal extraction pH was obtained by 
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extracting a set of samples (n = 3) at four pH values, i.e. pH 2.4,  5.4 (native sample pH),7.4 

and 9.4.  

3.2.3.2 Solid-phase extraction/clean-up 

Solid-phase extraction was implemented using a 60 mL HLB sorbent (Waters, UK). Before 

sample loading, the sorbent was conditioned sequentially with MeOH and HPLC water (2.5 

mL aliquots). The 20 mL sample extract was loaded onto the cartridge at a rate of 2 mL min-1. 

After loading, the sorbent was dried and washed with 1 mL of HPLC water. Two aliquots (2 x 

2.5 mL) of the extraction solvent mix were used for sample elution. The 5 mL extract was 

evaporated to almost dryness and reconstituted to 1 mL with 30 % MeOH in water. Finally, 

the 1 mL sample was filtered using a 0.22 µm GFF filter and stored at 4o C in the dark awaiting 

analysis.  

3.2.3.3 Linear range, method detection limits (MLoD andMLoQ) and matrix effect 

The LC-HRMS  was calibrated at the 0.1 – 100 µg L-1 concentration range using matrix-matched 

(MM) standard solutions prepared according to EU (SANTE/11813/2017, 2018) guidelines.   

The stock solution (ARVD mix standard) in the MM made up 10 % of the total standard 

solution volume, and the remaining 90 % comprised the unspiked plant extract. The MLoD 

and MLoQ were calculated according to the ICH guidelines (ICH, 1995), based on the 

calibration curve of the MM working standards. Potential background contamination from 

the locally obtained lettuce was investigated by screening the extract for the four analytes of 

interest. Matrix effects (ME) were evaluated by comparing the slope of the calibration curve 

in the matrix with the slope of the calibration curve using solvent Equation (3.1)    
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 Matrix effect (%) = (
𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒 𝑖𝑛 𝑚𝑎𝑡𝑟𝑖𝑥

𝑠𝑙𝑜𝑝𝑒 𝑜𝑓 𝑐𝑎𝑙𝑖𝑏𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒 𝑖𝑛 𝑠𝑜𝑙𝑣𝑒𝑛𝑡
− 1) × 100 

 

(3.1) 

 

3.2.4 Hydroponic experiments 

The hydroponic system was housed in a greenhouse. The experimental approach was adapted 

from the OCSPPC 850.4800 Plant Uptake and Translocation Test guidelines (EPA, 2012). Young 

lettuce seedlings (10 days old) of the Analora genus were obtained from Defland Nurseries, 

UK. Before the actual exposure test, the plants were exposed to a dilute water fertilizer 

solution for seven days to nurture and acclimatize the roots to a water-only environment. The 

lettuce seedlings were exposed to a nutrient solution spiked with the ARVDs at 3 

concentration levels (1, 10 and 100 µg L-1) for 21 days. The set-up consisted of 6 replicates per 

exposure concentration. In total, there were 24 lettuce plant samples. The sample containers 

(glass) were covered with aluminium foil, and the top was sealed to allow only the roots to 

be in contact with the nutrient solution. The solution was automatically aerated for 10 

minutes every hour. The experiment was run for 21 days, with the exposure solution renewed 

on days 7 and 14. Loss of water due to evaporation and evapotranspiration during the growing 

period did not exceed 20 % of the initial volume of the nutrient solution placed at the 

beginning of each experiment. 

3.2.5 Measurement of accumulation and physiological effect of ARVDs on Lettuce 

After test termination, the plant samples were washed immediately with HPW and dabbed 

dry. Lettuce samples were separated into roots and leaves and then weighed. The harvested 

samples were freeze-dried and analyzed according to the optimized method described in 
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section 3.2.3. Potential physiological effects on the plant were assessed by comparing the 

control biomass (root and leaves) with the biomass ARVD exposed samples. 

The uptake of ARVDs in this study was characterized using four parameters: bioconcentration 

factor (BCF), root concentration factor (RCF), leaf concentration factor (LCF) and translocation 

factor (TF), Equations (3.2), (3.3), (3.4) and (3.5) respectively.  TF quantifies the movement of 

the organic analyte from the root to above-ground tissues.  

 𝐵𝐶𝐹(𝑚𝐿/𝑔) = 𝐶𝑝𝑙𝑎𝑛𝑡/𝐶𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (3.2) 

 𝑅𝐶𝐹 (𝑚𝐿/𝑔) = 𝐶𝑟𝑜𝑜𝑡/𝐶𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛a (3.3) 

 𝐿𝐶𝐹 (𝑚𝐿/𝑔) = 𝐶𝑙𝑒𝑎𝑓/𝐶𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (3.4) 

 𝑇𝐹(𝑚𝐿/𝑔) = 𝐶𝑙𝑒𝑎𝑓/𝐶𝑟𝑜𝑜𝑡 (3.5) 

Where C leaf, C root, C plant, and C exposure solution is the API concentration in the leaf, root, plant 

and nutrient solution, respectively (Emhofer et al., 2018; Goldstein et al., 2014; Hurtado et 

al., 2016). 

3.2.6 Data analyses 

Data were analyzed using Ms Excel 2016 and IBM SPSS Statistic v 24 software. One-way 

analysis of variance (ANOVA) and Dunnett's T3 test was used to measure statistical 

differences between means at the 95 % confidence interval.   

3.3 Results and discussion 

3.3.1 Method optimization 

Recoveries and influence  of pH on sample recovery 

The objective of this test was to select the optimal pH of extraction of the target analytes. 

Extraction efficiency was tested across four pHs ranging from acid pH 2 to alkali pH 9.4 and 
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across two spike concentration levels. The recovery of an analyte in extraction experiments 

usually is concentration-dependent. Therefore, selecting an analytically appropriate spike 

level range is necessary during optimisation experiments instead of a single spike level 

(Thompson et al., 1999). Since pharmaceuticals are typically detected at the nanogram level 

in the environment, the ten ng g -1 and 50 ng g-1 levels were selected as critical spike levels for 

the recovery test.  

 

Figure 3.1  Extraction recoveries for the four analytes in the lettuce matrix at the 10 ng g-1 and 

50 ng g-1 spike levels at the four extraction pH levels (n=3, ± SD) 

The measured analyte extraction recoveries are shown in Figure 3.1. Cumulatively evaluated 

across the two spike levels. Cumulatively across the two spike levels, the mean ARVD 

recoveries did not vary significantly (p=0.55), 68 ±21.8 % (± SD) and 64 ± 19.2 % for the 10 ng 

g-1 and 50 ng g-1 levels, respectively. Individually, NVP exhibited the highest recoveries (mean 

88.1 %). EFV and OSV exhibited the second and third-highest recoveries at 75.4 % and 61.5 %, 
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respectively. LVD yielded the lowest recoveries, an average of 41.7 %. Variation of least 

influenced NVP and EFV recoveries. OSV recoveries were relatively consistent across three 

(pHs 2-7.4) but minimally dropped in a high pH environment. In contrast, LVD recoveries 

varied widely, ultimately contributing to its low mean recoveries, which were approximately 

40 % lower across the pH range. 

Cumulatively, the highest ARVD extraction means recoveries were obtained at pH 5.4 (72.2 

%). At pH 2.0, 7.4 and 9.4, mean analyte recoveries of 66.3 %, 66.0 % and 61.5 %, respectively, 

were obtained. While EFV and NVP at pH 5.4 had recoveries of > 70 %, LVD and OSV exhibited 

recoveries of < 65 % in the same environment. The EU SANTE/11813/2017 guidelines state 

that satisfactory extraction recoveries may vary between 70-120 %. Nonetheless, it clarifies 

that reproducible recoveries of 30-70 % are also acceptable. For this reason, pH 5.4 was 

selected as the optimal pH for subsequent extraction procedures. Noteworthy to mention is 

that pH 5.4 was also the native extraction pH, so extraction implies that subsequent buffer 

additions were unnecessary.   

3.3.2 Linearity, MLoD and MLoQ 

Whereas the relationship between the analyte signal and the analyte in solution is often 

linear, the relationship between the analyte signal and the analyte in the matrix is not 

routinely linear due to the influence of matrix components  (Kruve et al., 2015). For this 

reason, linearity was assessed using an analyte in the matrix.  

 

 

Table 3.1 shows that the analyte in matrix linearity was satisfactory at r2 > 0.990.  
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Table 3.1. Summary data for linearity, MLoD, MLoQ and matrix effect 

ARVD Linearity Detection limits  Matrix effect  

( % ion 

suppression) 

Pure solvent  

(MeOH) (r2) 

In matrix 

(r2) 

Method 

LOD (ng g-1) 

Method LOQ 

(ng g-1) 

Lamivudine 0.994 0.998 1.66 5.53 32 

Nevirapine 0.999 0.995 3.87 12.9 50 

Oseltamivir 0.999 0.998 1.51 5.13 50 

Efavirenz 0.994 0.990 5.61 18.7 46 

 

Likewise, the detection limit is also matrix-dependent (Kruve et al., 2015b) accordingly, 

matrix-spiked samples were used to determine MLoD and MLoQ. The MLoD of the ARVD 

analytes varied from 1.51 to 5.61 ng g-1 and the MLoQ from 5.13 to 18.7 ng g-1  

3.3.3 Matrix effects (ME) 

Ultrasonic extraction mechanically breaks down the sample matrix, allowing the target 

analytes to release (Tadić et al., 2019;Schantz, 2006). Its drawback, however, is its lack of 

selectivity, necessitating intensive clean-up processes (Ros et al., 2016). It was necessary to 

evaluate the effect of the matrix on the detection of analytes. As indicated in  

 

 

Table 3.1, the matrix effect induced ion suppression in all the analytes. LVD experienced the 

lowest ion suppression at  32 %. NVP, OSV, and EFV, on the other hand, showed ion 

suppression ranging from 46–50 %. In the classification of ME, according to (Barreales-Suárez 
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et al., 2018),  ME < 20 % is considered low,  20 - 40 % as medium, 40-60 % as high and ME as 

60 % as very high. The measured ME varied in the medium to high-level region, indicating 

significant signal suppression. ME following the UAE-SPE method has been reported 

elsewhere. For example, ME of 26 -29 % were noted during the analyses of antibiotics in four 

vegetable matrices (Tadić et al., 2019), and ion suppression of 30 - 60 % was measured in the 

analyses of 7 antibiotics in lettuce (Albero et al., 2019). Overall, the data from this study is 

consistent with Furey et al., 2013) and Tadić et al. (2019), who suggest that signal 

enhancement or suppression due to the matrix is unpredictable. It presents itself 

unsystematically and indiscriminately and is, therefore, unique for each analysis. 

3.3.4 Accumulation  of ARVDs in the lettuce plant 

 The magnitude of accumulation of the ARVDs in the plants from each nutrient solution is 

shown in Figure 3.2.  

 

A 
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Figure 3.2. (A) Root and leaf accumulation concentrations (dry weight) across the three 

exposure levels in lettuce plants (n = 3, ± SD) (B) ARVD distribution between the root and leaf 

tissues averaged across the three exposure levels and a comparison of the magnitude of 

bioaccumulation between the individual ARVDs. 

 

The four ARVDs studied had a molecular weight of < 400 Da; molecules of this size may 

penetrate the root via the epidermis into the bulk of the root (Miller et al., 2015). At the 

lowest exposure concentration (1 µg L-1), the accumulation of LVD, OSV, and EFV in the leaf 

was below the MLoD and was not quantified. Similarly, in NVP and LVD, root concentrations 

for NVP and LVD were below the detection limit.  

The overall plant accumulation of the ARVDs in the Lettuce varied from < MLoQ to 3463 ng g-

1 and < MLoD to 1647 ng g-1 for the root and leaf, respectively, across the three exposure 

levels. EFV exhibited the highest total tissue biomass accumulation (3463 ng g-1) measured in 

the 100 µg L-1 exposed sample. This accumulation was five times higher than the 

concentration of the lowest accumulated ARVD, LVD (691 ng g-1) in the same treatment level. 

B 
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NVP and OSV accumulations were 2625 ng g-1 and 1541 ng g-1, respectively, in the 100 µg, L-1 

exposed samples. 

The extent of accumulation over the three exposure levels was such that the higher the 

concentration of the API in the nutrient solution, the higher the measured accumulation, 

which is consistent with Al-Farsi et al. (2017  and González García et al. (2018) reports. In 

separate hydroponic API exposure experiments, their research showed that the magnitude of 

accumulation is directly associated with the pharmaceutical concentration in the exposure 

solution. In the current study, the mean plant concentration factor (CF) rise between the 1 µg 

L-1 and 10 µg L-1 treatment was 17 ± 9.3 (± SD), while the CF between the 10 µg L-1 and 100 µg 

L-1  treatment was 12. ± 5.7 (± SD). Cumulatively, the mean increased CF in the plant matrix 

between the lowest (1 µg L-1) and highest exposure solution treatment (100 µg L-1) was 189 ± 

87.5. 

The RCF, BCF and TF values discussed herein are the means across the 10 µg L-1 and 100 µg L-

1 exposure levels. Figure 3.2B illustrates that more than  80 % of the OSV and LVD API mass 

fractions accumulated in the roots, whereas EFV root accumulation was higher than  95 %. 

Accordingly, the RCFs were such that EFV > OSV > NVP > LVD (0.043 > 0.013 > 0.08 > 0.05 mL 

g-1, respectively. BCF (mL g-1) was evaluated to determine accumulation in the bulk of the 

plant. The mean BCF across the ten µg L-1 and 100 µg L-1 exposure region showed that EFV 

had the highest whole plant tissue accumulation. The ascending order with regards to BCF 

was EFV > NVP > OSV > LVD at (0.044 > 0.025 > 0.016 > 0.005 mL g-1.  

Regarding transport within the plant, NVP exhibited the highest TF values, with Figure 3.3 

indicating that it was readily translocated to the leaves. Typically, a TF (L g-1) > 1 suggests that 
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a molecule can indeed migrate from the roots and its largest fraction accumulate in the above 

root tissues (Chuang et al., 2019).  

 

Figure 3.3. Translocation factors (TF) of the ARVDs compounds (n=3, ±SD) 

Therefore, a TF > 2 implied that NVP was twice more likely to bioaccumulate in the leaves. 

3.3.5 Relationship between Log Dow  and extent of uptake 

As highlighted in section 1.2, there is little information on the plant uptake of ARVDs. For this 

reason, the discussion in this study will refer to and relate to pharmaceutical compounds of 

different therapeutic groups but with comparable physicochemical characteristics to the 

ARVDs studied here.   

An API's solubility, hydrophobicity, molecular weight and ionization tendencies may influence 

its uptake potential (Al-Farsi et al., 2017; Chuang et al., 2019). Of all factors, the octanol-water 

partitioning coefficient (log Kow) is possibly the most extensively investigated API property 

influencing uptake. For non-ionic compounds, log Kow is linearly related to uptake (Collins et 

al., 2006; Prosser et al., 2014a). However, log Kow is adjusted to log Dow for ionizable 
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compounds to reflect the environmental pH. The present study was conducted at a constant 

nutrient solution pH of 6.5.  

Characterization of the relationship between log Dow and uptake of the APIs was achieved by 

plotting to log Dow against log BCF, RCF, and TF, respectively, as shown in Figure 3.4.  

  

 

Figure 3.4. A: Linear relationship between Log Dow and BCF (B) Relationship between Log 
Dow and RCF, (C) Relationship between Log Dow and RCF 

 

BCF exhibited an R2 value of 0.69, as indicated in Figure 3.4 A. Linearity, in this case, was 

influenced mainly by the neutral and lipophilic NVP and EFV (Table 3.2) ). The hydrophilic LVD 

and OSV (log Dow = -1.1 and -1.44, respectively)hardly contributed to the measured linearity. 
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Inspection revealed that if the log Kow of OSV were unchanged, stronger linearity, R2 = 0.97 

value would have been realized. For this reason, log Dow of hydrophilic ionizable molecules (in 

this study OSV and LVD) may not accurately describe uptake in plants.  

The relationship between the RCF and log Dow R2 =0.47 is shown in Figure 3.4B. It was 30 %  

weaker than the relationship between log Dow and BCF (R2=0.69). Other factors besides 

hydrophobicity likely appeared responsible for the root uptake (or its lack thereof). For this 

reason, it was more logical to relate whole plant accumulation (BCF) with hydrophobicity 

rather than RCF. Similarly, (Chuang et al., 2019)  reported a weak relationship (R2 = 0.293) 

between the RCF and log Dow in Lettuce exposed to 13 ionizable APIs via hydroponic growth. 

Again, Miller et al., (2015), in an extensive review of plant API uptake, concluded that there is 

hardly any statistically significant relationship between LCF and hydrophobicity. It may be 

plausible to extend this inference to RCF.  

As shown in, Figure 3.4C, no relationship existed between log Dow and TF, R2 = 0.017. This is 

consistent with Chuang et al. (2019) and Li et al. (2019), who established no statistically 

significant relationship between hydrophobicity and TF for APIs with log Dow from -3 to 4. 

3.3.6 Speciation of ARVD compounds and influence on plant uptake 

The cell walls of plant root hairs are negatively-charged. As a result, the uptake of anionic 

molecules is constrained by the electrostatic repulsion by the root hair cells (Trapp, 2000; 

Miller et al., 2015;  Christou et al., 2019). The root cell wall is approximately 0.4 µm thick and 

composed of polysaccharides which naturally reduce the cell wall permeability to solutes. 

Physiologically the cell vacuole is larger than the cytoplasm, occupying up to 95 % of a plant 

cell's volume. It has a pH of 5.5 compared to pH of 7 of the cytoplasm. Nonetheless, it is the 

cytoplasm that is in contact with the root cell wall (Trapp, 2000; Goldstein et al., 2014), and 



76 
 

the transport of molecules is predominantly via the symplastic pathway (through the cell's 

cytoplasm) rather than the apoplastic pathway (Goldstein et al., 2014; Pan et al., 2014;  

Prosser et al., 2014b; Al-Farsi et al., 2017).  

Table 3.2. ARVD speciation at test pH (pH 6.5) 

ARVD Log Kow
a Log Dow  

(pH 6.5)a 

Neutral fraction 

(%)a 

Ionic fraction 

(%)a 

Lamivudine -1.09 -1.10 99.3 0.7 cationic 

Oseltamivir 1.2 -1.4 0.2 99.8 cationic 

Nevirapine 2.5 2.5 100 0 

Efavirenz 4.5 4.5 100 0 

a Chemaxon  https://chemaxon.com/ 

 

OSV was the only ARVD fully ionized at the pH of the growing medium (pH 6.5), being 99.8 % 

in the cationic form (Table 3.2). OSV was, therefore, electrostatically attracted to the 

negatively charged root hairs. In contrast, LVD, NVP, and EFV were predominantly neutral at 

the exposure pH. However, strong retention due to sorption could have impeded the 

permeation of the highly cationic OSV further into the roots. One may relate the 

characteristics of OSV to the antibiotic trimethoprim (TMP). At pH 5.8 (approximately one pH 

unit lower than this study pH), TMP was chiefly cationic (95%) and exhibited a log Dow of -

0.43. In Chuang et al., (2019), lettuce was exposed to 50 µg L-1 of TMP in a hydroponic-based 

experiment. The concentration of TMP in the leaf was < 25 % of the API's total accumulation, 

which is similar to the OSV leaf accumulation measured (< 20 %) in this study (Figure 3.2B). 

TMP also exhibited a TF value of 0.1, demonstrating its limited ability to be translocated to 

the above root tissues.  

https://chemaxon.com/
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In contrast to OSV, NVP (log Dow 2.5) was neutral and exhibited the highest TF of the four 

ARVDs, Figure 3.3. NVP lies in moderate hydrophobicity (1 < log Dow < 3). Organic molecules 

within this hydrophobic window region exhibit the highest predisposition to be transported 

above root tissues (Li et al., 2019a). Kumar and Gupta (2016), in  Figure 3.5, illustrate the 

sigmoidal relationship that exists between the transpiration stream factor (the ratio of the 

amount of the contaminant in the xylem to exposure medium) and log Kow, whose maxima lie 

in the range between log Kow 2-2.5,  a region consistent with NVP's log Kow.  

 

Figure 3.5. Sigmoidal relationship between transpiration stream concentration factor with 

hydrophobicity  postulated by (Briggs et al. 1982; Burken and Schnoor, 1998; Hsu et al., 

1990) (Abstracted from (Kumar and Gupta, 2016) 

 

Carbamazepine (CBZ) has comparable characteristics to NVP (i.e., log Dow 2.5 and neutral 

charge). Lettuce under hydroponic conditions exhibited the highest TF among 13 APIs in 

lettuce (Chuang et al., 2019). The concentration of CBZ was 82 % higher in leaves compared 

to roots in three varieties of Lettuce irrigated with CBZ-spiked treated wastewater (González 

García et al., 2018). This phenomenon thus provides the most definitive account in describing 

the measured NVP's high TF value.  
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EFV exhibited the highest whole-plant bioaccumulation in Lettuce compared to the other 

ARVDs (Figure 3.2 B). However, more than 95 % of its mass was measured in the roots, 

presenting the highest RCF value. Characteristically, EFV was unionized and neutral at the 

experimental pH. Organic compounds with log Dow > 4.5 hardly experience significant 

translocation to above-ground tissues (Kumar and Gupta, 2016).  

However, it will be expedient to perform root EFV sorption experiments better to 

comprehend EFV's high accumulation tendencies on the roots. Sorption tests will facilitate 

accurate estimation of EFV that was adsorbed onto the root surface and the actual fraction 

that permeated into the bulk of the roots. Uncertainties on the accurate accumulation of 

highly lipophilic molecules were reported by  Boxall et al. (2006), and Miller et al. (2015)  

whereby, for example, reported a significant amount of APIs was detected on the exterior of 

root crops (peels) following rather than the core of the plant. In this study, an assumption was 

made that the bulk of the EFV permeated into the root. It then implies that the EFV did not 

migrate to the vascular tissues (i.e., the phloem and xylem). According to (Collins et al., 2006), 

neutral non-ionizable organic compounds with log Kow (> 4) are primarily retained by the lipid 

cell components in the endodermis. They do not reach the vascular tissues for subsequent 

transport to the above root tissues. As EFV was in its neutral form and log Dow = log Kow = 4.3 

(Table 1.2), it was not likely that it partitioned through the vascular tissue and was primarily 

retained at the endodermis. The interaction between EFV and the plant root in this research 

is analogous to the diclofenac (DCF) accumulation in lettuce (González García et al., 2018). 

DCF, an NSAID, has a log Dow of 4.5, which is similar to EFV, but differs in terms of pKa. 

(González García et al., 2018) measured 89 % of DCF on lettuce roots. Likewise, Zhang et al., 

(2012) reported higher root accumulation factors (0.40-1.36 mL g-1 ) of DCF in the roots of the 
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macrophyte Scirpus validus, compared with the shoot accumulation (0.17–0.51 mL g-1). These 

two studies affirm that the roots retain highly hydrophobic APIs (log Dow > 4). 

LVD exhibited the lowest bioaccumulation in lettuce (Figure 3.2B). Characteristically, it 

presents with the lowest log Dow value. As with OSV, minimal accumulation of LVD was 

attributed to its hydrophilic nature. Low lipophilicity implies minimal permeation into the 

lipophilic root cell membranes. LVD was primarily uncharged at the test pH. LVD uptake can 

be compared with caffeine, which is highly soluble in water and has a log Kow value of -0.77. 

Accumulation of caffeine in cucumber leaves was lower than in the root (Goldstein et al., 

2014). In contrast, Chuang et al. (2019) reported a TF value of > 1 for caffeine in Lettuce. These 

two conflicting degrees of uptake highlight the need for more in-depth investigations into the 

uptake of LVD and other similar hydrophilic molecules into vascular plant tissues.  

3.3.7 Impact of ARVD on plant physiology 

Accumulation of APIs in plants may induce toxicity   (at high concentrations) or hormesis  (at 

lower concentration levels) (Christou et al., 2018). Hormesis is a positive, non-distress effect 

experienced by a plant when exposed to small doses of xenobiotics, characterized by a non-

linear dose-response relationship. Sometimes described by the unexpected increase in roots' 

length and the number or size of leaves (Agathokleous et al., 2018). Toxicity, on the other 

hand, presents as perturbations in plant growth, e.g. lowered germination rates, chlorosis, 

tissue deformation, and reduced length or mass of the root and shoot. Also, reduced 

reproduction rate and enzymatic activity (Liu et al., 2013; Bártíková et al., 2016; Christou et 

al., 2018; Sun et al., 2018). The current study focussed on the visible physiological effects on 

the measurable mass of the leaf and root.   
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Figure 3.6. Variation of mean root and leaf biomass across the exposure concentration (0 – 

100 µg L-1) illustrates the potential impact of ARVD on lettuce biomass after a 21-day exposure 

period (n=6) (* denotes a significant difference with control)  

 

Figure 3.6 shows the root and leaf mean wet weight (n=6) across the four concentration 

exposure levels (including the control). The control sample's mean biomass (root and leaf 

mass) differed (Dunnett's T3 test, p=0.039) from the 100 µg L-1 exposed sample. Likewise, the 

1 and 10 µg L-1 treatment contrasted with the 100 µg L-1 treated sample (Dunnett's T3, 

p=0.012 and p=0.07, respectively). The mean root and leaf mass of the control was 1.8 ± 0.26 

g (±  SD) and 3.1 ± 0.34 g, respectively, while for the  100 µg L-1 exposed. Lettuce was 1.25 ± 

0.32 g and 2.02 ± 0.53 g, respectively, representing a mean 34 % reduction in mass.  

A 40 % decline in the root mass of ryegrass was measured when exposed to tetracycline 

applied at 1, 10 and 100 mg kg-1. The significant difference in tissue mass between the control 

and ARVD-exposed samples was a likely indicator of the potential physiological effect of 

ARVDs.   Root elongation of Lettuce was inhibited when exposed to a mixture of 10 antibiotics 
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at concentrations of 1, 10, 100, 1000 and 10000 µg L-1 Hillis et al. (2011). In the same study, 

shoot (leaf) inhibition was less impacted than the root. However, the physiological impacts of 

Wei et al. (2009) differ from this study in that the most significant biomass variation occurred 

in the shoots (leaves) rather than with the roots.  

A possible hormetic influence was exerted on the 1 µg L-1 and 10 µg L-1 treated samples. An 

inspection of Figure 3.6 shows that the two sets of treated lettuce samples had relatively 

higher mean biomasses (though not significantly different, p=0.70 and p=0.96 respectively) 

of 18 % and 8 % higher, respectively, compared with the control. A comparable response was 

exhibited by Phragmites australis (common wetland plant) when exposed to a mixture of 3  

antibiotics, ciprofloxacin, oxytetracycline and sulfamethazine in the 0.1 -1000 µg L-1 

concentration range (Liu et al., 2013). Hormetic response (on root activity) was evident at the 

lower exposure level (0.1 - 10 µg L-1) and not in the > 100 µg L-1 treatment range. Root activity 

in the 0.1 - 10 µg L-1 exposed plants displayed a negative inhibition rate. In contrast, toxicity 

was dominant in the 100 and 1000 µg L-1 exposed plants, depicting a positive inhibition of root 

activity at 18 % and 36 % compared to the control. 

 

3.4 Conclusion 

This study provides an optimized protocol for determining ARVDs in biological matrices. It 

also provides evidence of ARVD uptake in plants. Moreover, it shows that ARVDs' interaction 

with plant roots can be related to other APIs of similar physical-chemical characteristics. 

Uptake is primarily influenced by molecules' hydrophobicity of the ARVDs, however, along 

the confines of a sigmoidal relationship. At low and high concentration levels, a mixture of 

ARVDs induces both hormetic and toxic effects on plants.
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Chapter 4                                                                                                                                           

Screening for anti(retro)viral pharmaceuticals metabolites in lettuce using LC-HRMS 

Overview 

This section investigated the likelihood of in-plant biotransformation of accumulated ARVDs 

in lettuce. Analyses were executed under full-scan high mass resolution using the single-stage 

orbitrap mass spectrometry approach. Two metabolites, lamivudine sulfoxide and 12-

hydroxyl-nevirapine glucuronide were detected in the root and leaf tissues. The metabolites 

were detected in the samples exposed to the most concentrated solution. A semi-quantitative 

examination showed that each metabolite was equally concentrated in the leaf and root 

tissue. This study contributes to understanding the fate of pharmaceutical compounds in the 

environment, particularly the natural biodegradation of pathways of antiretroviral 

pharmaceutical compounds in the environment. 

4.1 Introduction 

Enzymes catalyze the diverse chemical transformations in plants identically, like the 

mammalian liver  (Miller et al., 2015). The cytochrome CYP 450 enzyme is often associated 

with the biotransformation of xenobiotics in plants (Chefetz et al., 2019). Biotransformation 

reduces an exogenous chemical biological half-life, accelerating its excretion from a plant. The 

process enhances its hydrophilicity by incorporating polar functional groups, such as hydroxyl 

and amino functional groups, within the molecule (Cole, 1994; MacHerius et al., 2012; Wu et 

al., 2016; Dudley et al., 2019; Sheludko et al., 2020; Wu et al., 2016). The extent and rate of 

detoxification are usually plant-specific (Chefetz et al., 2019; Coleman et al., 1997). 

 A summary of in-plant API biotransformation-related studies (2017-2020) shown in Table 4.1 

reveals little information on the biotransformation of several pharmaceuticals, including 
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ARVDs. Existing literature mainly highlights in-plant biotransformation of nonsteroidal anti-

inflammatory drugs (NSAIDs) and antibiotics. For example,  Klampf (2019) reported on the 

transformation of carbamazepine and diclofenac, which are persistent in the aquatic 

environment. Tian et al. (2019) showed the biotransformation of the antibiotics 

clarithromycin and sulfadiazine. Biotransformation products of ARVDs, e.g., acyclovir, 

penciclovir and oseltamivir, were detected in wastewaters, blood, urine, and saliva 

(Lindegårdh et al., 2007). This breakdown product shows their predisposition for 

transformation, suggesting the need to investigate their fate in plants.   

Sometimes biotransformation products could be more toxic and occur at a higher 

concentration than the parent compound. For example, concentrations of 8 conjugates of 

triclosan metabolites resulting from phase II biotransformation of triclosan were five times 

higher than the parent molecule (MacHerius et al., 2012; Jia et al., 2017; Klampfl, 2019).. 

Similarly, metabolites of benzotriazole were 60 % higher in concentration than in the parent 

molecule in the Arabidopsis plant (LeFevre et al., 2015). Therefore, the significance of 

metabolite data is that it aids in estimating an actual xenobiotic concentration in plant tissue 

(Klampfl, 2019). The absence of this critical information may compromise risk assessment and 

misrepresent the threat posed to humans or the environment (Kosjek et al., 2007; 

Riemenschneider et al., 2017; Emhofer et al., 2018).  

Liquid chromatography–high-resolution-mass spectrometry (Orbitrap-MS or time-of-flight-

MS) is the instrument of choice in metabolite identification studies (Henry et al., 2012). The 

technique yields high-mass accuracies and high resolution even when operated infull-scan 

mode. Itmeans that within an analytical run,  high-resolution mass spectrometry (HRMS) can 

screen for an unlimited number of candidatebiotransformation products. It can also confirm 
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candidate biotransformation products accurately without reference standards (Moschet et 

al., 2013; Saito-Shida et al., 2018).  

This chapter reports on the in-plant biotransformation of accumulated ARVDs in lettuce, 

following evidence of accumulation reported in Chapter 3. Overall, the study’s objective was 

to advance the knowledge of the fate of ARVDs, particularly the formation of metabolites, 

after accumulation in plants. Additionally, it aimed to show a stepwise approach to identifying 

metabolites under the single-stage mass (MS1) spectrometry level.
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Table 4.1. Studies on the in-plant biotransformation of pharmaceuticals  1 

API class Individual API Plant tissue 

Exposure 

Media/ 

concentration 

Extraction/ 

clean-up 
Detection Author 

Anticonvulsant 

 
Lamotrigine 

Fungus 

 

Petri dish 

10 -100 mgL-1 
Sonication/ Filtration 

LC- HR-MS, 

(ion trap) MS2 

(Chefetz et al., 

2019) 

Anticonvulsant 

 
Carbamazepine 

Radish root 

 

Flask culture 

10-250 µM 
Grinding/ &filtration 

LC-UHR-QTOF-

MS analysis. 

(Sauvêtre et al., 

2018) 

Benzodiazepine 

 

diazepam, lorazepam, 

oxazepam 

chlordiazepoxide 

clonazepam, 

Radish, 

silver beet 

Soil 

0.5 mg kg-1 

Sonication/ SPE (HLB) 

 
LC-MS/MS 

(Carter et al., 

2018b) 

Anticonvulsant 

 
Carbamazepine, tomato 

Hydroponics 

50 µg L-1 
Sonication/ filtration 

UPLC- QTOF-

MS 

 

(Riemenschneider 

et al., 2017) 

X-ray agent 

 
Iopromide 

Typha 

latifolia 

Hydroponics 

20 µmol L-1 
Sonication/ SPE (HLB) LC-MS/MS (Cui et al., 2017) 

Analgesic 

 
Acetaminophen 

cucumber 

roots, 

Hydroponics 

5 mg L-1 
SPE (HLB) 

UPLC- QqQ-MS 

 
(Sun et al., 2019) 

NSAIDs 
Diclofenac, Ketoprofen, 

mefenamic acid 
Cress plant 

Hydroponics 

0.1 mg L-1 

Homogenize/ 

Filtration 

QuEChERS 

SPE (strata-x) 

LC- QqQ-MS 

 

(Emhofer et al., 

2018) 

Antibiotics 

 

Sulfadiazine 

clarithromycin 
Lettuce 

Hydroponics 

1 mg L-1 
Sonication/ SPE (HLB) 

UPLC-QTOF-

MS/MS 
(Tian et al., 2019) 
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& 

UPLC-QqQ-

MS/MS 

Pesticide Imidacloprid Tomato fruit 
Real field trial 

2.5 L ha -1 
QuEChERS 

UHPLC/Q-

Orbitrap MS 
(J. Li et al., 2019) 

Benzodiazepine Diazepam 

Thaliana cells 

& cucumber, 

radish 

Petri dish 

Hydroponics 

1 µg L-11 mg L-1 

Sonication/ SPE (HLB) 
UPLC-QqQ- 

MS/MS 

(Dudley et al., 

2019) 

Antidepressants 

Sertraline 

Clomipramine 

trazodone 

Cress 
Hydroponics 

10 mg L-1 

Homogenization, 

centrifuge, filtration 

LC-QTOF 

orbitrap MS 
(Reichl et al., 2018) 

Antibiotics 

 

Fluoroquinolones 

Sulphonamides 

Lincosamides 

 

Vegetables Soil- real field 
Sonication/ SPE 

(strata-x) 
LC-MS/MS (Tadić et al., 2019) 

2 
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4.2 Materials and methods 

4.2.1 Selection of candidate metabolites 

Metabolites can be measured via the untargeted, quantitative targeted or suspect screening 

approach (Vaclavik et al., 2014; Wu et al., 2016; Chefetz et al., 2019; Dudley et al., 2019). The 

suspect screening approach was selected for this research. It first involved reviewing 

candidate ARVD metabolites that exist in the literature. Afterwards, these suspect 

metabolites were screened from the full-scan chromatogram data using their exact mass as 

a priori information (Moschet et al., 2013; Bletsou et al., 2015). Candidate metabolites listed 

in Table 4.2 were selected based on the human (mammalian) biotransformation of the parent 

molecules identified in the pharmaceutical database Drugbank (Drugbank, 2020; DrugBank, 

2019). Non-targeted approaches provide more details since they involve global profiling of 

the biotransformation product (Zhang et al., 2016). However, the primary limitation of this 

targeted/suspect screening method relative to the non-targeted approach is the requirement 

to have a priori knowledge of the biotransformation product. The technique does not yield 

holistic information about the metabolite because it relies on biotransformation product-

specific signals. 
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Table 4.2. Candidate metabolites selected for investigations 

Parent ARVD Suspect metabolite 
Chemical 

formula 

Efavirenz 
8-Hydroxy efavirenz (8-OH-EFV) C14H9ClF3NO3 

8-hydroxy efavirenz glucuronide (8-EFV-Gluc) C20H17ClF3NO9 

Nevirapine 

2/3/8/ 12- hydroxy nevirapine (2/3/4/12- OH-

NVP) (isomers) 
C15H14N4O2 

4-carboxynevirapine (4-carb-NVP) C15H12N4O3 

 
8/12- Hydroxy nevirapine glucuronide 

(isomers) 

 

C21H22N4O8 

Lamivudine Lamivudine sulfoxide (LVD sulfoxide)  C8H11N3O4S 

Oseltamivir Oseltamivir carboxylate (OSV carboxylate) C16H28N2O4 

 

4.2.2 Exposure to ARVDs, analyte extraction and metabolite identification 

The lettuce plant was exposed to ARVDs as described in Section 3.2.4. Analytes were 

extracted, separated and analyzed according to the protocols described in Section 3.2.5.  The 

metabolites were screened on the generated total ion chromatograms (TIC).  

4.3 Data analyses 

All treatments and chromatographic runs were performed in triplicate (n = 3). 

Chromatograms were visually inspected, and graph and mean calculations were constructed 

using IBM SPSS Statistic 24 and MS Excel 2016. The Estimation Program Interface program, v 

4.11 (EPI Suite, US Environmental Protection Agency, 2000-2017), was used to predict the 

parent and metabolite molecules' physical and chemical properties. 
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4.3.1 Metabolite identification 

Before the screening, the exact mass and simplified molecular-input line-entry system 

(SMILES) notation of the candidate metabolites were obtained from ACD/ChemSketch (2018 

freeware) program. Screening involved exact mass mining from the full-scan high-resolution, 

total ion chromatogram (TIC) previously obtained from the analysis of ARVD accumulation in 

the lettuce leaves and roots in Chapter 3. The screening was carried out at an accuracy of 5 

ppm. The extracted ion chromatogram (EIC) was visually inspected for symmetry and scanned 

for the suspect metabolite. The double bond equivalence (DBE) value was calculated using 

Equation (4.1) from (Bletsou et al., 2015). Metabolite fragments (product/daughter ions) 

were deduced based on the simple heterolytic (inductive) cleavage mechanism.   

 Double bond equivalence = 𝐶 − (
H

2
) + (

𝑁

2
) + 1 (4.1) 

Mass accuracy tests on the measured masses were performed using Equation (4.2). 

(Where C is the number of carbon atoms, H is the number of hydrogen and halogen molecule, 

and N is the number of nitrogen atoms) 

 Accuracy  (ppm)   = (
Measured accurate mass − Exact calculated mass

Exact calculated mass
) × 106  (4.2) 

4.4 Results and discussion 

4.4.1 Identification of suspect metabolites  

Only two of the seven suspected metabolites were identified, 12-hydroxy nevirapine 

glucuronide (C21H22N4O8) and lamivudine sulfoxide (C8H11N3O4S). Detection was confirmed 

following the accurate measurement of their [M+H] +, [M+NH4]+ and [M+Na]+ adducts for the 

12-hydroxy nevirapine glucuronide and [M+H]+  for lamivudine sulfoxide with satisfactory 
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accuracy (Table 4.3). Due to the unavailability of pharmaceutical metabolite primary 

standards, the accurate mass measurement of the molecular and daughter fragments ion 

exact masses remains one of the tools for mining metabolites. This approach is widely 

employed in untargeted and suspect screening analyses. For example, the approach was used 

to identify metabolites of imidacloprid (a pesticide), lamotrigine, clarithromycin and 

carbamazepine (Calza et al., 2012; Chefetz et al., 2019;  J. Li et al., 2019). 

Table 4.3. Detected ARVD metabolites, metabolite fragments and mass accuracy of target 

ions (ppm) from the 100 µg L-1 exposed lettuce 

Metabolite Fragment 
Exact 
mass 

Mean 
accurate 
measured  
(n=3) 

mean 
accuracy 
(limit ± 5 
ppm) 

DBE  values 
Manual/Auto 

Lamivudine 

sulfoxide 
 

[M+H]+ 246.05430 246.05424 -0.23 5.0/4.5 

12-hydroxy- 

nevirapine - 

glucuronide 

 

[M+H]+ 459.15104 459.15135 0.67 

13.0/12.5 

[M+Na]+ 481.13298 481.13172 -2.62 

[M+NH4]+ 476.17758 476.17637 -2.55 

C15H13N4O+ 265.10837 265.10715 -4.63 

C20H21N4O6
+ 413.14556 413.14165 -9.46 

C21H21N4O7
+ 441.14047 441.13690 -8.08 

 

 

The majority of mass spectrometers system have robust elemental calculators that help 

minimize uncertainties in structure elucidation exercises (De Vijlder et al., 2018). The 

elemental composition calculator function of the mass spectrometer  (Xcalibur 4.2, 

Qualbrowser feature) was used to verify the chemical formula of the identified metabolites, 

providing a perfect match to the DrugBank retrieved chemical  (DrugBank, 2022). The in-built 
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calculator was further used to automatically compute the DBE values of the two metabolites. 

The software obtained DBE values were compared them to the externally calculated values. 

The system-generated DBE values for 12-hydroxy-nevirapine glucuronide and lamivudine 

sulfoxide were 12.5 and 4.5, respectively, while the manually-calculated values were 13 and 

5, respectively (Table 4.3). The 0.5 difference in the DBE values arose from the extra H atom 

in the software-generated value [M+H]+, while the manually calculated value was derived 

from the monoisotopic mass, [M]. The identical DBE values indicated that the literature 

retrieved and experimental metabolites were identical. 

4.4.2 Extraction of analytes 

Simultaneous analyses of parent molecules and their metabolites are challenging, partly due 

to variations in physicochemical characteristics and the lower concentration levels of 

metabolites (Tina et al.,2016;  Emhofer et al., 2018; Klampfl, 2019). The EPI Suite program, 

Table 4.4, predicted the parent and metabolite physicochemical characteristics. The 

molecules were characterized by aqueous solubilities and octanol-water partitioning 

coefficients, which demanded selective pre-treatment and detection approaches. HLB SPE 

cartridges were selected for sample extraction and clean-up, as reported in section 3.2.3.2. 

Studies in Table 4.1 indicate the preferential utilization of the HLB in pharmaceutical 

metabolite extraction. HLB sorbent typically retains molecules of varying polarity (Ibáñez et 

al., 2012; Picó and Barceló, 2015). Although there might be a reduction in the retention of a 

highly hydrophilic molecule when using SPE (Emhofer et al., 2018), it compensates by 

minimizing the interference of the matrix during identification. 
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Table 4.4: Predicted physicochemical characteristics of identified metabolites using EPI suite. 

Molecule Water solubility 

(mg L-1) 

Log Kow 

Nevirapine 42.36 3.89 

12-hydroxy Nevirapine Glucuronide 4.703 1.57 

Lamivudine 9366 -2.62 

Lamivudine sulfoxide 1E6 -4.76 

 

4.4.3 Impact of matrix on separation and identification of metabolites 

The matrix in the plant extract presented a challenge in identifying the suspect metabolites 

on the raw TICs, as evidenced by the complex TIC in Figure 4.1A. Therefore, mining the suspect 

metabolites necessitated the acquisition of corresponding EICs, as described in Section 4.3.1. 

Figure 4.1 B and D are the EICs of the parent molecules (lamivudine and nevirapine, 

respectively). Figure 4.1C is the protonated EIC of the lamivudine sulfoxide, and Figure 4.1E is 

the ammonium adduct ([M+NH4]+) of 12-hydroxide nevirapine glucuronide. Metabolite 

identification was characterized by a low ion population, markedly for lamivudine sulfoxide 

(Figure 4.1C), which affected its symmetry. Unsymmetrical peaks lead to mass inaccuracies 

which contribute to poor precision in individual and replicate determinations. (Webb et al., 

2004). 

Notably, the identified metabolites (Figure 4.1C and E) are characterized by shorter retention 

times than their respective parent ions(Figure 4.1 B and D). Metabolites are more hydrophilic 

than their parent molecules, an example being sulfate conjugates (secondary metabolites)  

which are more water-soluble than the non-sulfated parent molecule (Hirschmann et al., 

2014).  
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Figure 4.1 TIC and EICs of the root extract exposed to the 100 µg L-1 exposure solution (A, TIC 

of the Root extract; B, Lamivide EIC; C, EIC of lamivudine sulfoxide; D, EIC of Nevirapine; E, EIC 

of 12-Hydroxyl nevirapine glucuronide). 

 

4.4.4 Concentration and distribution of metabolites 

The occurrence of metabolites in the lettuce samples depended on the concentration of the 

ARVDs in the exposure solution (Figure 4.2). Considering that the metabolites were neither 

detected in the exposure solution nor the control samples, it implies that the 

biotransformation of the ARVDs was in-plant. The metabolites were hardly detected in the 1 

and 10 µg L-1 but were present in the 100 µg L-1 exposed samples. A study identified 16 
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metabolites associated with ketoprofen, naproxen, mefenamic acid, and diclofenac in the 

cress plant grown hydroponically in 100 µg L-1 solution (Emhofer et al., 2017). These sub mg 

L-1 exposure levels (including the present study) are ideal for metabolite-related studies as 

they mimic natural environmental conditions. At a lower exposure concentration level of 1 

and 10 µg L-1, the metabolite of lamotrigine (an anticonvulsant) was not identified in the 

exposed white-rot fungus, which necessitated increasing the exposure solution concentration 

to 100 mg L-1 to induce the occurrence of associated metabolites (Chefetz et al., 2019). 

Triclosan and triclocarban metabolites occurred in carrot cell tissues after exposure to 1 mg 

L-1 solution (MacHerius et al., 2012). In the latter two studies, exposure concentrations were 

1000 and 10 times higher than those used in the study. Such high xenobiotic exposure levels 

are a primary drawback of plant API biotransformation studies. Whereas elevated xenobiotic 

concentration levels may promptly induce the occurrence and detection of associated 

metabolites, they may not represent an actual environmental scenario (Klampfl, 2019). A 

semi-quantitative analysis based on ion count shown in Figure 4.2  indicated that the 

concentration of 12-hydroxyl nevirapine glucuronide was approximately 15 times higher than 

lamivudine sulfoxide. The concentrations in the roots and leaves for each metabolite were 

relatively comparable. The advantage of whole-plant experiments like the present study is 

that they help identify metabolite distribution in the host tissue, unlike cell-based 

experiments  (Klampfl, 2019). 
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Figure 4.2. The relative concentration of metabolites in the leaf and root tissues of lettuce 
across the exposure range. 

 

Compared with their parent molecules, the metabolites were an order of magnitude lower in 

ion count (the ion population of parent molecules was shown in the EICs in (Figure 4.1). 

According to Moschet et al. (2013), ion count remains the only way to quantify or compare 

the concentration of target organic pesticide metabolites in the absence of primary 

standards.  

4.4.5 Identification of metabolite product (daughter) ions 

 The US-FDA criterion for identifying metabolites using exact mass requires that, in addition 

to the detection and identification of the main precursor (molecular) ion,  one structurally 

significant fragment (product/daughter) has to be positively identified, too (FDA, 2015). 

Therefore, the most plausible fragmentation pathways that yielded were explored to aid in 
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identifying associated fragment ions. Since this study was undertaken under the low energy 

single-stage mass spectrometry level (MS1), minimal fragmentation was experienced. Hence, 

fewer product ions were expected. This study approach contrasted with higher energy 

Collision-Induced Dissociation (CID) strategies, which employ  > MS1-based studies, i.e., MS2 

and MS3, that result in intensive fragmentation of target analytes (Olsen et al., 2007).   

Figure 4.3 A and B hypothesized the fragmentation pathways for lamivudine sulfoxide and 12-

hydroxy nevirapine glucuronide. They followed the inductive cleavage of the carbon-

heteroatom bonds accompanied by a charge migration to the alpha-carbon and a neutral loss. 

This fragmentation pattern is analogous to  ESI-charged molecules proposed by De Vijlder et 

al. (2018). The suspect nevirapine metabolite structurally consisted of 4 isomers; the 12-

hydroxy-substituted structure was selected since its product ion was observed in the 

generated mass spectrum. The non-discrimination between stereoisomers probably remains 

one limitation of mass spectrometry  (Kind and Fiehn, 2006). Some plant-induced 

pharmaceutical biotransformation studies have been undertaken using LC-HR-MS at the MS1 

level. Related studies (though not targeting metabolites) that have utilized the single-stage -

orbitrap HRMS approach include quantification of allergens in caseinate wines (Monaci et al., 

2011) and screening for veterinary and mycotoxins in food commodities (De Dominicis et al., 

2012). The parent molecule was the target compound of interest in these studies, and the 

product ion was not investigated. 
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Figure 4.3. Proposed fragmentation pathway of (A) lamivudine sulfoxide and (B) 12-hydroxy 
nevirapine glucuronide. 
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4.4.6 Mass spectrum and mass accuracy of metabolites and product ions 

Inspection of the mass spectrum of the 12-hydroxy nevirapine glucuronide metabolite (Figure 

4.4 B revealed a greater relative abundance of the [M+Na]+ and [M+NH4]+ adducts than its 

[M+H] + ion. The mass spectrum contained other non-defined intense ions originating from 

the complex matrix,  an occurrence uncommon with ESI-generated mass spectra. Despite the 

low ion intensity, both the precursor and product ions were accurately measured as they 

exhibited satisfactory accuracy, as indicated in Table 4.3.  

Unlike 12-hydroxy-glucuronide, only the main molecular ion, [M+H]+of lamivudine sulfoxide 

(Figure 4.4 A), was measured. None of the proposed fragments ions in  Figure 4.3 were 

identified. In Table 4.3, lamivudine sulfoxide was the most hydrophilic analyte in this study 

(log Kow, -4.76). Its retention in the SPE sorbent during extraction and LC- column during 

analysis was weaker. Nonetheless,  given the sensitivity of the Orbitrap ion-trap technology, 

which allows sufficient ion accumulation, detecting low-concentration target ions, such as the 

metabolite, is achieved  (Reichl et al., 2018). Lamivudine sulfoxide EIC, Figure 4.4A, indicates 

an ion population (count) of 2.89×105, which is lower than the tuned automatic gain control 

count (AGC) of 1×106. Lower ion population counts, lower than the tuned AGC target, are 

characterized by reduced mass accuracy (Kalli et al., 2008).  
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Figure 4.4.Mass spectrum for (A) lamivudine sulfoxide (B) 12- hydroxy nevirapine glucuronide 

 

The mass accuracy (mass measurement error) and their respective product ions were 

ascertained arithmetically using Equation (4.1). According to Table 4.3, the accuracy of the 

measured [M+H]+, [M+Na]+ and [M+NH4]+ of the metabolites molecular ions was within the 

±5 ppm limit. The product ions, however, had an accuracy of > ±5 ppm. Theoretically, a 

A 

B 
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fragment's mass should fall within the small narrow accuracy window (±5 ppm) to be deemed 

'accurately' identified. However, the uncertainty of mass accuracy increases in a complex 

matrix (Henry et al., 2012), as experienced in the plant matrix of the present study. Under 

such conditions, it has been suggested that an accuracy of up to ± 10 ppm is acceptable to 

avoid reporting false negatives (De Dominicis et al., 2012). For example, the carbamazepine 

metabolites in the hairy root of horseradish vegetables lay within ±10 ppm (Sauvêtre et al., 

2018). Similarly, one triclosan metabolite transformed by carrot was unequivocally identified 

at an accuracy of 6 ppm (MacHerius et al., 2012).  

As the metabolite masses were ca 400 Da, mass accuracy was annotated using eight 

significant figures (five decimal places), which addresses inconsistencies that may arise due 

to rounding errors before the final presentation of four decimal figures (Brenton and Godfrey, 

2010). Accuracy measurement was obtained through replication (n=3), which helped inform 

the accuracy and precision of each analyte. A guide to assign confidence levels in HR-MS-

based studies during the identification of small molecules, consisting of five confidence levels, 

levels 1-5, was developed by Schymanski et al. (2014). Level 1 confidence level represents an 

ideal situation, i.e., the highest level of confidence requires the proposed structure to be 

confirmed via a reference standard with MS, MS/MS and retention time matching.  In this 

study, the exact mass (m/z)  and the molecular formula were unambiguously assigned to the 

biotransformation products, so confidence level 4 was achieved. 

4.5 Conclusion  

This study found that in-plant biotransformation of accumulated ARVD compounds is 

possible. Since metabolites were detected in root and leaf tissues, either in-plant 

pharmaceutical transformation likely occurs below, and above ground plant tissues or the 
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transformation, products are transported from one compartment. The single-stage mass 

spectrometric level, using a high-resolution mass spectrometer, can identify in-plant 

biotransformation products. Nonetheless, without metabolite standards, non-targeted 

approaches with > MS2 ability are ideal for analysing in-plant biotransformation products. 
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Chapter 5                                                                                                                                                   

Impact of wastewater matrix on uptake of antiviral pharmaceuticals in plants in an 

aquatic environment 

 

Overview 

This study investigated the impact of dissolved organic matter and particulate wastewater 

components on the bioavailability of antiviral and antiretroviral (ARVDs) pharmaceuticals to 

plants through controlled batch experiments. The influence of sorption on the uptake of 

ARVDs by lettuce (Lactuca sativa) was assessed by comparing the accumulation resulting from 

hydroponic irrigation with fresh water and synthetic wastewater (which simulated actual 

wastewater). The exposure solutions were spiked with the ARVD mixture at 100 µg L-1 for 

each molecule. In the sorption experiment, 4-75 % of the ARVDs remained in the wastewater 

matrix. The uptake of ARVDs in the wastewater-irrigated lettuce was 37-97 % lower than in 

the freshwater medium. This study was developed to understand the fate of ARVD molecules 

in a simple two-phase system, i.e., an ARVD-wastewater-plant environment (given that the 

molecules first reside in the wastewater). Before transitioning to a complex three-phase 

agroecosystem, i.e. ARVD-wastewater-terrestrial (soil)-plant system. 

5.1 Introduction 

In aquatic environments, the uptake of contaminants is impacted by the transport of the 

solute, either close to or removed from the root zone. The mobility of these organic 

contaminants is considerably influenced by the magnitude of retention to the wastewater-

borne components, namely dissolved organic matter (DOM) and suspended particulate 

matter (SPM) (Graber and Gerstl, 2011;Hajj-Mohamad et al., 2017). For this reason, an in-

depth understanding of the nature, transport and fate of pharmaceuticals in the aquatic 
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environment is vital for  accurately estimating environmental exposure and risk assessments 

in aquatic biota  (Pan et al., 2009; Fountouli and Chrysikopoulos, 2018a). 

Accumulation of APIs in plants in contaminated water bodies has been reported. For example, 

three NSAIDs, naproxen, ibuprofen and diclofenac, were detected in water-based hyacinth 

reed at concentrations of up to 12 ng g-1  (Sibeko et al., 2019). Likewise, three ARVDs, 

emtricitabine, tenofovir disoproxil and efavirenz, were detected in water hyacinth harvested 

from a freshwater reservoir and wastewater treatment ponds at a concentration between 

0.98 -17.2 µg kg-1 (Mlunguza et al., 2020a). Curiously, water hyacinth has been cited as 

potential animal feed (Survival Gardner, 2015), indicating that its consumption is a pathway 

fo food chain contamination. 

This study aimed to develop a quantitative understanding of the impact of wastewater-borne 

constituents on the uptake of ARVD molecules by plants. The perceived impact could only be 

assessed after determining the distribution pattern of the ARVD in a wastewater 

environment. Accordingly, sorption experiments were undertaken herein before the plant 

uptake experiments. The ARVDs molecules' association with wastewater constituents, 

specifically DOC and SPM, was measured. The binding potential was then compared with the 

magnitude of accumulation in lettuce irrigated with ARVD-spiked synthetic wastewater (SW). 

Sorption experiments further enabled the generation of critical distribution coefficient data 

(Kd) on the interaction of ARVDs with wastewater constituents. 

5.2 Materials and methods  

In addition to the protocols followed, the rationale for selecting various experimental 

approaches is described in this section. 
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5.2.1 Preparation of synthetic wastewater 

Synthetic wastewater was prepared according to the procedure and list of ingredients 

provided by (Boeije et al., 1999a) and Lees. (2018), Table 5.1. It was composed of sources of 

carbohydrates, proteins and minerals. Lyophilized sewage sludge was added to provide 

primary SPM material. The ingredients were appropriately weighed and placed in a 2 L conical 

flask covered with aluminium foil. 1 L of HPW was added to the flask, and the mixture was 

stirred for 24 hours. The mixture was collected in an amber glass bottle and stored in a freezer 

at -20 °C before use. The SW was prepared at 10 times the standard concentration and was 

diluted appropriately before any experiment. The pH was adjusted to 7.5 using 10 mM 

phosphate buffer 

Table 5.1. Synthetic wastewater constituents 

 Component Medium Chemical formula Concentration 

(mg L-1) 

1 Carbohydrate Sodium acetate C₂H₃NaO₂ 330 

2 Proteins Meat extract - 150 

3 Carbohydrate Lactose monohydrate C₁₂H₂₂O₁₁·H₂O 330 

4 Carbohydrate Potato starch (C₆H₁₀O₅)n 330 

5 Carbohydrate Glycerol C₃H₈O₃ 200 

6 Carbohydrates Peptone - 280 

7 Nitrates Ammonium chloride NH₄Cl 110 

8 Nitrates Urea CH₄N₂O 750 

9 Nitrates Uric acid C₅H₄N₄O₃ 90 

10 Phosphates Potassium phosphate 

monobasic 

KH₂PO₄ 200 

11 Sulphates Magnesium sulfate 

heptahydrate 

MgSO₄·7H₂O 250 

12 Sewage 

simulation 

Genapol® C-100 - 30 

13 Sewage 

simulation 

Kieselguhr, pure white O₂Si 10 

14 Sewage 

simulation 

Dextrin (C₆H₁₀O₅)x 330 
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15 Sewage 

simulation 

Genapol® X-080 HO(CH₂CH₂O)n(CH₂)mH 30 

16 Sewage 

simulation 

Lyophilized activated 

sludge 

 2000.0 

17 Minerals and 

trace metals 

Calcium chloride dihydrate CaCl₂·2H₂O 50.0 

18 Minerals and 

trace metals 

Sodium bicarbonate NaHCO₃ 250.0 

19 Minerals and 

trace metals 

Iron(III) sulphate hydrate Fe₂O₁₂S₃·5H₂O 100.0 

20 Minerals and 

trace metals 

Cobalt(II) chloride 

hexahydrate 

CoCl₂·6H₂O 0.5 

21 Minerals and 

trace metals 

Chromium(III) nitrate 

nonahydrate 

Cr(NO₃)·9H₂O 6.8 

22 Minerals and 

trace metals 

Copper(II) chloride 

dihydrate 

CuCl₂·2H₂O 4.8 

23 Minerals and 

trace metals 

Ethylenediaminetetraacetic 

acid (EDTA) 

C₁₀H₁₆N₂O₈ 2.2 

24 Minerals and 

trace metals 

Potassium molybdate K₂MoO₄ 0.2 

25 Minerals and 

trace metals 

Manganese(II) sulphate 

monohydrate 

MnSO₄·H₂O 1.0 

26 Minerals and 

trace metals 

Nickel(II) sulphate 

hexahydrate 

NiSO₄·6H₂O 3.0 

27 Minerals and 

trace metals 

Zinc chloride anhydrous ZnCl₂ 1.8 

     

 

5.2.1.1 Characterization of synthetic wastewater 

The DOC and SPM component characterized the SW. DOC represented the total dissolved 

organic matter content in the SW and was indirectly estimated from the SW's chemical 

oxygen demand (COD) values. COD (CODcr) was determined by titration using the potassium 

dichromate standard method according to APHA method 5220 (Standard Methods, 2018). 
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Equation (5.1) was used to estimate the DOC level. The Equation was derived from a 

relationship between laboratory-measured DOC and COD levels of wastewater influent 

collected from over 600 wastewater (sewer) collection points in the UK (Research, 2019). 

 𝐷𝑂𝐶 = (0.1406 ×  𝐶𝑂𝐷) − 25.92 (5.1) 

Suspended particulate matter (SPM) was determined using APHA method 2540 (Standard 

Methods, 2018), whereby the component was gravimetrically measured after filtration of the 

SW through a 0.7 µm  (GF/F) followed by drying at 105  °C. 

5.2.2 Sorption experiments 

The sorption tendencies of the ARVDs were measured in two environments, both buffered at 

pH 7.5, (1) in an SW environment consisting of both the SPM and DOC fractions and (2) in a 

DOC-only component. Measurements were indirectly evaluated by quantifying the amount 

of ARVD molecule that remained in the solution after the sorption experiment.  

The sorption experiments were designed such that the ARVD distribution in the SW was 

evaluated at three concentrations: i.e. standard-strength (1×), 2-times (2×) and 3-times (3×). 

The strongest SW concentration was selected to simulate sorption in a worst-case 

environmental scenario (Bagnis et al., 2018a). The DOC-only fraction was obtained by filtering 

the SW through 0.7 µm GF/Fs to separate the SPM component. During sorption experiments, 

sodium azide (0.2 g L-1) was added to the diluted fraction to inhibit microbial growth. 

Accurate and uniform dilutions of SW were achieved by drawing aliquots from the SW stock 

under constant stirring. The SW aliquot and ARVD stock mixture spike were transferred into 

a volumetric flask. Using high-purity water (HPW, 18.2 MΩ cm resistivity), the mixture was 

made to the mark to obtain the ARVDs at the desired concentration (100 µg L-1). This mixture 
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was divided into three replicates and transferred into identical glass centrifuge tubes. The 

tubes were wrapped with aluminium foil and reciprocally shaken for 12 hours. The solution 

was centrifuged for 10 minutes at 1900 g and filtered through a 0.7 µm GF/F. A 1 mL aliquot 

of the filtered solution was stored at 4 °C until analysis. The filtered samples were directly 

injected into the LC-HRMS, and matrix-matched calibrations were used to quantify the ARVDs 

in the filtrate. 

5.2.2.1 Determination of Kd values 

The experimental solid-water distribution coefficients, Kd exp values (L kg-1), defined the 

distribution of the molecules between the aqueous phase and SW suspended solid sorbent 

and were estimated using Equation (5.2)    

 𝑘𝑑(𝑒𝑥𝑝) = 𝐶𝑠𝑜𝑟𝑏𝑒𝑑 / 𝐶𝑠𝑜𝑙𝑢𝑏𝑙𝑒 (5.2) 

Where C soluble was the concentration of ARVD in the filtrate and C sorbed concentration in 

the SPM. C sorbed was obtained from the difference between C soluble and the initial amount 

of the spike (100 µg L-1). 

A modelled distribution coefficient value, Kd mod, was also ascertained using Equation (5.3). Kd 

mod considered the influence of pH on the ionic pharmaceutical molecules, i.e. the pH-

dependent octanol-water distribution constant (Log Dow) as formulated by  Lin et al. (2010). 

 𝐿𝑜𝑔 𝑘𝑑 (𝑚𝑜𝑑) = 0.74 × log 𝐷𝑜𝑤 + 0.15 (5.3) 

5.2.3 Plant exposure experiments 

Two sets of lettuce roots were hydroponically exposed to fresh water and SW, and both 

spiked with the 5 ARVD mixture at 100 µg L-1. The SW was at the ×2 concentration level, 

midway between the standard concentration and the worst-case scenario. The exposure 
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solution was replenished every two days with fresh water to compensate for 

evapotranspiration losses. Transpiration losses were determined by weighing the mass of the 

remaining solution before replenishment with fresh water. Accumulation of ARVDs was 

assessed as a function of time through the sacrificial sampling of triplicate samples during 

harvesting days, i.e. days 1, 3, 6, 9 and 15. In addition, a control set of lettuce plant samples 

whose irrigation water was unspiked was included in the experiment. Microbial abundance in 

the SW was expected to be significantly lower than in actual treated wastewater. As it is a 

biocide, sodium azide was not added to the irrigating SW.  Lettuce samples were prepared as 

described earlier in Section 3.2.5. 

Root concentration factors (RCFs), translocation factors (TFs) and bioconcentration factors 

were determined according to Equations  (3.2), (3.3), (3.4) and (3.5). 

ARVD mass balance in the system was estimated using Equation (5.4). 

 𝑀𝑡𝑜𝑡𝑎𝑙=𝑀𝑝𝑙𝑎𝑛𝑡  +  𝑀𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛+ 𝑀𝑢𝑛𝑎𝑐𝑐𝑜𝑢𝑛𝑡𝑒𝑑 (5.4) 

Where, Mtotal, Mplant, Msolution and Munaccounted, are the total amount of the ARVDs in the 

system, accumulated in the plant, remaining in solution and the mass not accounted for, 

respectively. 

5.2.3.1 Selection of SW and exposure concentrations  

Although the exposure concentration was approximately 100 times higher than routinely 

measured environmental concentrations (Nason et al., 2019), quantitative measurements 

were enabled. Since its components and characteristics are known, synthetic wastewater was 

used rather than treated wastewater. Additionally, it aided in interpreting and comparing the 

data obtained from the sorption experiments. Actual wastewater composition is highly 
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variable both within and between wastewater treatment works, particularly in Low and Low 

Middle-Income Countries (LLMIC) (Tchobanoglous et al., 2003). Given this inherent variability, 

the use of 'natural' versus synthetic wastewater is an ongoing debate with benefits and 

drawbacks associated with each approach, encapsulated by (O’Flaherty and Gray, 2013) for 

example. Since these experiments aimed to generate untreated surrogate wastewater to 

assess the partitioning behaviour of ARVDs, a consistent, reproducible and stable starting 

matrix was needed for testing. As such, a synthetic wastewater (SW) formulation was used, 

as informed by previous studies  (Boeije et al., 1999a; Bagnis et al., 2018b).  

5.2.4 Data analyses 

Data analyses were performed using MS Excel 2016 and IBM SPSS 24 statistics software. The 

significance tests were performed by ANOVA, student's t-tests and Dunnett's 3T-test, where 

p < 0.05 was considered significant.  

5.3 Results and Discussion 

5.3.1 Quality of synthetic wastewater  

SW characteristics may be varied to suit experimental objectives. In this study, for example, 

the SPM component was introduced by adding lyophilized sludge from actual primary settled 

sludge. Figure 5.1 shows that the DOC and SPM levels in the SW varied between 5-60 mg L-1 

and 239-560 mg L-1, respectively. The concentration of SPM in 3× SW was approximately 2.5 

times the amount measured at standard SW concentration. 
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Figure 5.1. DOC and SPM concentrations in the synthetic wastewater 

 

The SPM levels lay within the maximum allowable limits of total suspended solids discharges 

into sewers by the National Environmental Management Authority (NEMA) of Kenya, capped 

at 2000 mg L-1 (Authority, 2006). It also lay close to the 296 mg L-1  mean value of suspended 

solids measured in influents and effluents obtained from 26 wastewater treatment plants in 

the UK (Gardner et al., 2013). SPM values in wastewater are highly variable and largely 

depend on the influent sources. DOC levels in surface waters are equally varying. For example, 

Mecha et al. (2016) reported DOC levels of 20 mg L-1 in municipal wastewater effluents. SW 

prepared with similar ingredients to this study but without sewage sludge had DOC levels of 

7.44 mg L-1 (Hossain et al., 2019) and 4.24-15 mg L-1 (Kim et al., 2002). Overall, SW prepared 

for the present study simulated natural wastewater as it contained both proteinaceous and 

humic qualities and the SPM component. 
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5.3.2 ARVD molecules binding to wastewater components 

 

 

Figure 5.2. ARVD concentrations in the two SW test environments across the three SW 

concentrations (n=3, ± 1 SD) 

The mean ARVD concentration remaining in the filtrate across 1×, 2×, and 3× SW strength 

levels were 84 ± 23.4 (SD), 80 ± 24.9 (SD) and 81 ± 23.4 µg L-1, respectively, as shown in Figure 

5.2. (The % amount in this experiment may also be taken as µg L-1 concentration as the initial 

spike level for each molecule was 100 µg L-1). Theoretically, the amount of the ARVD 

remaining in the dissolved phase in the 2× and 3× concentrations was expected to be distinctly 

lower than in the 1× SW fraction. Curiously, the cumulative mean concentration of ARVD 

compounds in the dissolved phase at the three SW concentration levels in the two SW test 

environments was not different (Dunnett's T3 test, p = 0.89). Figure 5.2 shows that 4-10 % of 
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ACV, LVD and OSV were sorbed to the SW components, and 13 % of NVP was also bound to 

the SW components. The pharmaceutical EFV exhibited the highest magnitude of SPM 

sorption at 75 %, approximately six times higher binding than the NVP's. A lower cumulative 

mean for all 5 ARVDs remaining in solution was measured in the SPM + DOC treatment 

compared with the DOC-only treatment (78 and 85 %, respectively). However, there was no 

significant difference in sorption between the two fractions (independent sample t-test, 

p=0.24). The DOC component sorbed twice as much EFV (> 50 %) than SPM (25 %). This study's 

indirect measurement of sorption from the amount of solute remaining in the solution was 

analogous to the procedure in the batch experiment reported (Lucas et al., 2018). An ideal 

approach, however, would have been to directly extract and analyze the amount of the ARVDs 

in the filtered SPM, e.g. (Carballa et al., 2008; Azuma et al., 2017; Wilkinson et al., 2017 

Aminot et al., 2018). Nevertheless, the approach described has been successfully applied in 

sorption experiments, e.g. Bagnis et al. (2018). An assumption made in this study was that the 

concentration variance of ARVDs in the filtrate was entirely due to binding to the SW 

constituents, and losses from biological biodegradation were non-existent. 

 

Emphasis on the investigations into the distribution of ARVDs between the DOC and SPM 

fraction was informed by previous studies, which indicated that effluent-derived DOM, 

sewage sludge and biosolids directly impact the behaviour of organic compounds. Since the 

SPM is 36-75 % organic,  these matrices preferentially interact with the organic 

micropollutants impacting their fate (Shon et al., 2006; Miller et al., 2015; Fu et al., 2016).  

As illustrated in Figure 5.2, the binding of ARVDs was not consistent with SW concentration, 

which was unexpected. However, these behaviours bore similarities to results from an 

adsorption study, whereby a plant-based adsorbent nanofiber (extracted from the roots of 
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Mondia whitei, herbaceous climber) was used to remove select ARVDs and associated 

pharmaceuticals from aqueous (wastewater) samples  (Kebede et al., 2020). Here, the 

nanofiber's dosage (mass) efficiency was tested in the mass range of 10 to 60 mg. Results 

showed that maximum removal of the pharmaceuticals was measured at the 10 mg dosage 

level, and a further increase of the adsorbent mass, up to 60 mg, did not induce any further 

increase in the removal efficiency (keeping all other factors constant). A further increase in 

the mass of the adsorbent above the 10 mg mass level led to a decreased removal efficiency. 

This outcome has been attributed to aggregation or overlapping of the active sites of the 

particulates in suspension, which ultimately limited the organic pollutants' ability to reach the 

active sites (Crini and Badot, 2008).  

In the classification of sorption potential, molecules with log Kow values ranging between -7.1-

2.7 lie below the adsorption threshold (Rogers, 1996; Azuma et al., 2017). Applying the 

classification to this study (see ARVDs log Kow values in Table 5.3) implied that all the test 

ARVDs (except EFV) exhibited negligible binding affinities. NVP (log Kow 2.5) is unique because 

it lies on the boundary of hydrophobicity and hydrophilicity. Another measure for sorption 

potential suggests that if < 4.7 % of a molecule is sorbed to the SPM, its sorption is negligible, 

and the concentration of the pharmaceutical molecule in the dissolved phase is therefore not 

adversely affected (Baker and Kasprzyk-Hordern, 2011). Again, this approach implies that 

ACV, LVD and OSV exhibited marginal binding potential since these three molecules had 4-10 

% of their masses sorbed to the SW components. In a previous study, compounds with 

comparable low octanol-water coefficients, iopromide (log Dow -0.44) and venlafaxine (log Dow 

-0.69) had significantly lower fractions of their masses (≤ 1 %) sorbed onto fungal biomass in 

a sorption test (Lucas et al., 2018). Their hydrophilicity drove significantly low sorption 

tendencies (Lucas et al., 2018). The sorption of ACV to biomass was negligible due to its low 
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log Kow value (Xu et al., 2017). More than 99 % of ACV in wastewater was primarily transported 

in the filtrates (Peng et al., 2014), where ranges matched values obtained in this study. 

Likewise, OSV had a low affinity for sediment, and its adsorption to activated sludge was 

negligible (Ghosh et al., 2010; Prasse et al., 2010). A comparable amount of NVP and 

carbamazepine (CBZ) (75% and 83 %, respectively) remained in the solution in experiments 

utilizing SW sorbent. NVP and CBZ are neutral at the test pH, have log Kow 2.5 and possess a 

butterfly-like structural conformation (Ayala et al., 2007; He et al., 2019). CBZ is a moderately 

hydrophobic molecule (Teo et al., 2016) and, together with NVP, exhibits a similar mid-

hydrophobic character.  

The SPM component in the SW in the present study was derived from sewage sludge. Due to 

the high carbon content of such matrix, up to 75% carbon (Shon et al., 2006), its interaction 

with EFV was enhanced. EFV's sorption magnitude was also elevated due to its lipophilicity 

and neutrality in the test environment, pH 7.5. As noted in this study, the distribution of EFV 

towards SPM indicates a   likelihood of inaccurate (under-estimation) reporting of the actual 

concentration of organic micropollutants in aquatic environments, particularly in turbid 

surface and waste water environments. In most studies, only the micro contaminant in the 

dissolved phase (filtrate) is measured, and compounds in the suspended particulate fraction 

are ignored (Maskaoui and Zhou, 2010; Baker and Kasprzyk-Hordern, 2011). DOC usually 

comprises permeates and retentates (colloids) (Nie et al., 2014). These are characterized as 

high surface area sorbents with a high affinity for organic contaminants, thus imparting the 

greatest impact on the distribution and fate of pharmaceuticals in aquatic environments 

(Lead and Wilkinson, 2006 ;Yan et al., 2015). The organic content of colloids is 2-4 times higher 

than for the SPM fraction, indicating its higher capacity to act as a sink for oestrogens (Nie et 

al., 2014), an observation consistent with this study. The data presented here also correlates 
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with several field studies. For example, the distribution of 9 pharmaceuticals in a river estuary 

heavily loaded with untreated sewage discharges was such that the pharmaceutical 

molecules were least concentrated in the SPM and sediment, with concentrations 2-5 times 

higher in the filtrate. Also, the contribution of SPM to sorption was significant for hydrophobic 

compounds only (Yang et al., 2011). 

5.3.3 Solid-water distribution coefficient (Kd) values 

The mean concentration of each ARVD across the test SW environment was used to estimate 

the solid-water partitioning coefficient, as shown in Table 5.2. Kd mod factored in pH related to 

the log Dow component  (Lin et al., 2010). Kd usually accounts for the overall sorption, i.e. both 

adsorption and absorption on the solids exposed to organic molecules in the liquid phase 

(Lucas et al., 2018).  

Table 5.2. The mean concentration of ARVDs in the dissolved phase and the corresponding 

experimental (Kd exp) and predicted (Kd mod) solid-water distribution coefficients. 

ARVD ACV LVD OSV NVP EFV 

Concentration in the filtrate (µg L-1) 94.16 94.33 90.55 87.28 38.25 

Log Kd exp (L kg-1) -1.2 -1.22 -0.98 -0.83 0.20 

Log Kd mod (L kg-1) -0.61 -0.65 -0.31 1.99 3.4 

 

Table 5.2 indicates a variation between the experimental and modelled derived Kd values. As 

expected, the partitioning values increased with an increase in lipophilicity. Across all 

molecules, the experimental partitioning values were lower than the predicted values.   

For related molecules, using a similar experimental approach found, log Kd exp and log Kd mod 

for NVP to be 2.9 L kg-1 and 2.0 L kg-1, respectively. The predicted distribution (log Kd mod) 
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values in these two experiments were not expected to differ since the pH (log Dow) factor in 

the two experiments was not different.  Log Kd exp for NVP in these two studies contrasted 

0.83 L kg-1 in the present study and 2.0 L kg-1 in Bagnis et al. (2018a).   

There is limited sorption data on the distribution of ARVDs within wastewater sorbents; 

therefore, comparing the obtained wastewater sorbent Kd values for reported ARVDs data 

was somewhat restricted. Overall, except for EFV, the negative log Kd values for ACV, LVD, 

OSV and NVP, as indicated in Table 1.2, showed that these four ARVD molecules were 

preferentially distributed to the liquid phase than the SW sorbent.  

5.3.4 ARVD accumulation in lettuce plants from plant exposure experiments 

Accumulation of ARVDs in the freshwater-irrigated lettuce was higher than in the SW-

irrigated plants Figure 5.3 and Figure 5.4. Across the two irrigation regimes, accumulation 

increased with increased exposure time. Figure 5.3 shows that within the first 24 hours of 

exposure, the lettuce plants accumulated a quantifiable amount of ARVD, > 1000 ng g-1 of 

NVP and EFV. 
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Figure 5.3. Whole-plant dry weight (d.w.) accumulation of ARVD pharmaceuticals in lettuce 

plants. 

 

Figure 5.4. Distribution of accumulated ARVDs in roots and leaf across the freshwater and 
synthetic wastewater regiment 
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Table 5.3. ARVD speciation at exposure pH in the fresh and SW irrigation water 

ARVD Log Kow
a Freshwater Synthetic wastewater 

Log Dow at pH 6.2 Log Dow  at pH 7.2 

Acyclovir  -1.03 -1.03 Neutral -1.03 Neutral 

Lamivudine -1.09 -1.1 98.7 % neutral a 

1.3 % cationic a 

-1.09 Neutral 

Oseltamivir  1.2 -1.6 100 % cationic a -0.86 99.1 % cationic a 

Nevirapine  2.5 2.5 Neutral 2.5 Neutral 

Efavirenz  4.5 4.5 Neutral 4.5 Neutral 

a Log Kow and speciation data from   ChemAxon  

https://chemaxon.com/products/chemicalize 

An identical accumulation pattern as the one reported in Section 3.3.4 was observed. 

In the freshwater-irrigated lettuce, as shown in Figure 5.4, EFV exhibited the highest 

accumulation at 49.1 µg g-1 (day 15). The bulk of the EFV was measured at the root (29.7 µg 

g-1) and thus exhibited the highest root concentration factor (RCF) values. The accumulation 

of NVP in the lettuce was 11.6 µg g-1, approximately 75 % less than EFV. NVP was 

predominantly localized in the leaves, exhibiting the highest translocation factor (TFs) of 1.77, 

approximately two times more concentrated in the leaves than in the roots. OSV and LVD 

exhibited an interesting analogous accumulation pattern in the freshwater solution (Figure 

5.3). From test commencement to test termination, accumulating to 2.1 µg g-1 and 3.0 µg g-1, 

respectively. As with OSV and LVD, ACV accumulation levels were correspondingly lower. It 

exhibited the least accumulation at levels below quantification limits. 

For OSV and LVD, their log Dow values were in the same range at -1.6 and -1.1, respectively, 

and the two molecules ionized to cationic species at pHs beyond their pKa (Table 5.3). As a 

result, the cationic species would have been preferentially attracted to the negatively-

charged root surface sites explaining the uniform uptake pattern shown in Figure 5.3. 

https://chemaxon.com/products/chemicalize
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However, as these two ARVDs are hydrophilic, their uptake was limited when contrasted with 

EFV and NVP. The cationic OSV was accumulated mainly in the roots. The inability of ACV to 

transform into a cationic form at the exposure pHs could also have contributed to its lower 

accumulation compared to OSV and LVD.  

Accumulation measured in the SW irrigated lettuce was significantly lower than for the 

freshwater irrigated lettuce (Figure 5.4). While EFV uptake was most significant in the 

freshwater irrigation regime, NVP exhibited the highest accumulation in SW irrigated lettuce, 

two times higher than EFV accumulation, i.e.,7.4 µg g-1, compared with EFV at 3.8 µg g-1. The 

reduction in accumulation for EFV and NVP compared with the freshwater irrigated lettuce 

was 97.8 % and 47.0 %, respectively. LVD, ACV and OSV recorded a significant decline in 

accumulation, 98 %, 68 % and 37 %, respectively. As in freshwater irrigated regimes, NVP 

exhibited > 1 TF in the SW irrigation (Figure 5.4). While the reduced accumulation of EFV and 

NVP in the lettuce can chiefly be attributed to the binding of the ARVD molecules to the SW 

matrix, as discussed in Section 5.3.2, the decline in uptake of LVD, ACV and OSV may partially 

be attributed to sorption and possibly other abiotic factors. Since it was one constituent of 

SW, it probably induced some transformation tendencies in the pharmaceutical molecules. 

For example, manganese oxide (an inorganic metal) and an ingredient of the SW) transformed 

the parent molecule of oxytetracycline and sulfamethazine (antibiotics) into a different 

molecule (Rubert IV and Pedersen, 2006; Gao et al., 2012).   

Wastewaters usually contain higher levels of nitrogen and phosphorus, which are vital for 

plant growth (Ofori et al., 2021). As at test termination in this study, the SW matrix was yet 

to induce any physical observable growth benefits to the SW-exposed lettuce (in terms of 

biomass). According to Figure 5.5, the growth rate across the exposure solutions was not 
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significantly different at test termination (p=0.7). Likewise, no physical observable phytotoxic 

effect was noticeable in any plants.  

 

Figure 5.5. Growth curves of lettuce irrigated in freshwater, SW and control (unspiked 
freshwater) 

5.3.5 Mass Balance 

The distribution of the mass of each ARVD in the hydroponic system is shown in Figure 5.6. 

The proportion of the   ARVD that accumulated in the plant ranged from 0.2-59 % and 0.1-16 

% in the FW and SW solutions, respectively. 
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Figure 5.6. Mass balance (%) of individual ARVDs in the irrigation system 

More than 75 % and  50 % of NVP and OSV were measured in the two irrigation regimes. The 

fraction of the unaccounted portion increased with increasing hydrophilicity of the molecule. 

More than 65 % of ACV was not accounted for in the FW and SW solutions. The 90 % EFV not 

accounted for in the SW regime was lost to the SW constituent, as demonstrated during the 

sorption experiments in section 5.3.2. Considering that ACV exhibited the least plant 

accumulation tendencies and was least retained by the SW matrix, as was measured during 

the sorption experiments, it was expected to persist in the irrigation water at appreciable 

levels. 

On the contrary, less than 30 % of this molecule was measured in the FW and SW solutions. 

ACV and EFV exhibited a rapid loss in the exposure solution compared with other molecules, 

as depicted in Figure 5.7. While EFV loss was due to binding to the roots in the freshwater and 

wastewater sorbents in the SW, the loss of ACV, which accounts for its low concentration, 

was unclear.  
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Figure 5.7. The concentration of the ARVD that remained in the solution during the 

exposure period (initial concentration was 100 µg L-1). 

 

At the experimental exposure pH (pH 6.2 – 7.2), ACV was 100 % unionized. Therefore, other 

processes, e.g. biotransformation, microbial action or photolytic degradation, remain the 

most probable reason for its loss. In-plant transformation and biotransformation in the 

exposure solutions are sometimes responsible for the loss of the parent molecule. (Huber et 

al., 2016)(Nason et al., 2019). ACV was less stable in solution than in solid-state form, with 

11 % photolytic loss measured over time (Sinha et al., 2007). 

5.4 Conclusion 

In this study, molecule lipophilicity was the main driver ofbinding potential since ≥ 75 % mass 

of EFV (log Kow 4.5) in suspension was retained by the wastewater constituents. Concurrently, 

the wastewater constituents retained less than 15 % mass of mid-hydrophobic to hydrophilic 
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ARVDs ( 2.5 ≤ log Kow ≤ -1.0).  The concentration of the hydrophilic ARVDs, ACV and LVD that 

remained in solution was approximately 30-70 %,  yet these molecules least accumulated in 

the exposed plants. It was noted that their dissipation rate was higher than the lipophilic 

molecules, implying that in actual environments, such hydrophilic pharmaceuticals' parent 

molecules would have the least impact on exposed receptors. Accumulation of ARVDs in the 

SW-exposed lettuce was up to 5 times lower than for freshwater-spiked lettuce. It implies 

that the accumulation of characteristically similar molecules in turbid waters would 

experience comparable low accumulation levels. An increase in turbidity levels was revealed 

to not necessarily imply a positive correlation with an increase in the binding potential to the 

pharmaceutical molecules. The sorption experiment showed that the dissolved organic and 

the suspended component retained 50 % and 25 % of the lipophilic molecule, respectively. 

Approximately 75 % of lipophilic EFV was retained in the SW components. Therefore, for 

accurate risk assessments in actual aquatic environment compartments, it is also crucial to 

directly measure microcontaminants that have partitioned to the suspended particulate and 

settled sediments.  
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Chapter 6                                                                                                                      

Sorption/desorption of  anti(retro)virals pharmaceuticals in soils 

 

Overview 

Sorption/desorption trends of five anti(retro)virals (acyclovir, lamivudine, oseltamivir, 

nevirapine and efavirenz) intwo types of soil were undertaken using OECD 106 methods. 

Variations in sorption tendencies were evaluated using synthetic wastewater (as a proxy for 

actual wastewater) relative to the routinely used CaCl2 solution (representing freshwater). 

Soil characterization showed that the two test soils differed mainly in organic matter. The soil 

with high organic content (approximately 10 times higher) exhibited high adsorptive 

characteristics. The sorption potential tendency across the two soils was such that 

efavirenz>oseltamivir >nevirapine >acyclovir >lamivudine. Due to potential biodegradation, 

the sorption tendencies for lamivudine and acyclovir were less obviously correlated to the soil 

properties.  

6.1 Introduction 

Various interdependent processes, including volatilization, sorption-desorption, chemical and 

biological degradation and leaching, are responsible for the fate of pharmaceuticals in the 

terrestrial environment (Müller et al., 2007). Sorption/desorption processes, in particular, are 

important in controlling the input, transport and transformation of these molecules in the 

terrestrial environments, significantly influencing the fate of pharmaceutical residues in 

agroecosystems (Martínez-Hernández et al., 2014; Fountouli and Chrysikopoulos, 2018a). 

Even before irrigation, the wastewater matrix properties (e.g. ion content, dissolved organic 

matter concentration, pH and electrolyte composition) control the fate of a compound either 

by increasing its mobility or sequestering it to wastewater sorbents (Müller et al., 2007; 
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Martínez-Hernández et al., 2014). It is important to mention that accurate estimation of 

pharmaceutical soil-water distribution affinities is vital in assessing the molecule's fate in 

agroecosystems. Soil-water distribution coefficients (Kd) can be experimentally determined 

or indirectly estimated from octanol-water partitioning coefficients (Kow). They can also be 

derived from computational modelling using free energy calculations (Wegst-Uhrich et al., 

2014). Presently, there is insufficient information regarding the sorption of pharmaceuticals 

in soils. Even for frequently measured pharmaceuticals, sorption tendencies data is available 

for only 6 % of the estimated 1912 pharmaceuticals in the British market on an estimated 100 

types of soils (Li et al., 2020).  

Therefore, this study's objective was to evaluate the sorption/desorption tendencies of the 

five anti(retro)virals molecules in two soils using synthetic wastewater (which simulated 

actual wastewater) CaCl2 solution (representing freshwater). The sorption experiment 

intended to simulate the transfer of the pharmaceuticals from an irrigation agent while 

desorption infiltration into the soils by actual wastewater or rainwater).  

6.2 Materials and method 

6.2.1 Origin of soils 

The sorptive potential of the ARVDs was tested on two types of soils. One soil was obtained 

from Lufa Speyer, Germany, from land previously not irrigated or treated with wastewater 

nor amended with fertilizer or biosolids in the previous five years. The second soil was 

obtained from the University of Plymouth (UoP) greenhouse gardens. Some agricultural 

activities had previously been carried out on this site, including occasional fertilizer 

application. However, wastewater had never been applied to the soil, only rainwater. 
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6.2.2 Soil characterization 

6.2.2.1 Determination of soil organic matter  

SOM was estimated using the Loss-on-Ignition method (LOI). The organic matter (% OC) in 

this method was estimated based on a change in mass after high-temperature oxidation of 

the organic component of the soil. Initially, the soils were sifted through a 1 mm sieve and 

oven-dried at 105°C for 1 hour. Afterwards, the dried soil samples were placed in pre-weighed 

crucibles, and a muffle furnace operated at 450 0C for 4 hours.  

6.2.2.2  Estimation of particle size 

Soil particle size was estimated using the particle size analyzer. Soil samples were air-dried 

and sifted through a 1 mm sieve.  A small subsample of approximately 0.5 g was placed in a 

12 mL digestion vial. Three mL of 3 % H2O2 solution was added to the soil, and the mixture 

was left to stand for 12 hours. The samples were then placed in a water bath and heated to 

90 °C for 2 hours. After cooling, the samples were marked up to volume with ultrapure water 

and analyzed using particle size estimator,  Malvern MS2000 laser diffraction equipped with 

autosampler. Five replicate samples were identically prepared. Soil texture characterization 

was obtained from an algorithm available at Land Information system UK (LandIS, 2021). 

6.2.2.3  Soil pH 

pH measurements were obtained from triplicate samples taken using a calibrated pH meter. 

The soil pH was measured in a solution of 10 mM CaCl2 solution at a soil-solution ratio of 1:5, 

whereby 2 g of soil was placed in a tube of 50 mL, and the CaCl2 solution was added. The 

mixture was shaken for 10 minutes and allowed to stand for 1 minute. The overall soil charge 

was estimated by comparing the pH obtained from CaCl2 and the pH measured using reverse 

osmosis (RO)- soil solution following soil pH protocols (Rowell , 1994). 
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6.2.2.4  Dissolved organic carbon (DOC) and total nitrogen (TN)  

Soil DOC and TN were extracted from soil using a soil: HPW ratio of 1:10. The soil-water 

mixture was placed in a glass centrifuge tube, shaken in a mechanical shaker for 2 hours, then 

centrifuged for 15 minutes at 4000 rpm. The supernatant was filtered through a 0.7 µm GFF, 

and an appropriately diluted aliquot was transferred to a clean-ashed glass vial. The samples 

were acidified using 20 µL of concentrated HCl and preserved at 4 0C until analyses. Analyses 

were performed using a Shimadzu TOC-V analyzer equipped with a TN analyzer that allowed 

for simultaneous measurement of DOC and TN. The DOC standard was prepared using 

potassium hydrogen phthalate, TN using sodium nitrate, and the calibration plot was used to 

quantify the measured DOC and TN. 

6.2.2.5 ARVD loss from 10 mM CaCl2 solution to soil. 

6.2.2.6  Adsorption 

The sorption tendencies of the ARVDs to the soils were measured according to the OECD 106 

adsorption-desorption batch equilibrium method (OECD, 2000). The initial aqueous ARVD 

concentration range was selected based on the molecule's solubility, the SOM and the 

instrument's known  detection limits.  

Two grams of the test soils were placed in a glass centrifuge tube containing 9.5 mL of 10 mM 

CaCl2. This mixture was shaken for 12 hours in a reciprocal shaker operated at 150 rpm. A  1:5 

(w/v) ratio was used experiment. After the shaking, a 0.5 mL aliquot of the ARVD standard 

stock was added to the mixture to reach a final volume of 10 mL and the desired aqueous 

phase concentration. Equilibration time was established by sacrificially sampling the tubes at 

0, 3, 6, 9, 12 and 24 hours. The tubes were covered with aluminium foil to minimize direct 

exposure to light during agitation. Control tubes (spiked with ARVDs but without soil) were 
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included to monitor potential losses from the shaking process. After shaking, the samples 

were immediately centrifuged, filtered and stored in a freezer at -20 0C until analysis. The 

solution's pH and DOC concentration were determined for each sample.  

The concentration of ARVDs that remained in the filtrate was used to determine the soil-

water distribution coefficient, 𝐾𝑑. The organic carbon normalized coefficient, log Koc, 

according to Equations (6.1) and  (6.2), respectively.  

 

 𝐾𝑑 =
𝑚𝑠(𝑒𝑞)

𝑚𝑎𝑞 (𝑒𝑞)
.

𝑣𝑜

𝑚𝑠𝑜𝑖𝑙
 (6.1) 

 

Where 𝐾𝑑 is the soil distribution coefficient (mL g-1), ms (eq)   mass of ARVD sorbed to the soil 

at equilibrium (g), maq (eq)   is the mass of ARVDs in the aqueous phase at equilibrium (g), 𝑣 o 

is the initial volume of the aqueous phase (mL), msoil mass of soil (g). 

The organic carbon-normalized adsorption coefficient Koc compares soils with different 

organic content levels. 

 

𝐾𝑜𝑐 = 𝐾𝑑 .
100

% 𝑂𝐶
 

 

(6.2) 

Koc is the organic normalized adsorption coefficient (mL g-1 OC-1), and % OC is the organic 

carbon content in the soil. 

The Koc for non-hydrophobic molecules was predicted using Equation (6.3)   (Sabljic et al., 

1994). 
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 𝑙𝑜𝑔 𝐾𝑂𝐶 = 0.52 ∗ 𝑙𝑜𝑔𝐾𝑜𝑤 +  1.02 (6.3) 

6.2.2.7 Desorption 

For desorption, an equal volume of the supernatant removed after centrifugation during 

adsorption was replaced in the tube. The soil plug in the tube was resuspended by vigorous 

shaking for 15 seconds. The tubes were then returned to the orbital shaker, agitated and 

sacrificially sampled at hours 3, 6, 12 and 24. Similarly, the centrifuged aqueous fraction was 

filtered using a 0.7 µm GFF and stored at -20 0C until analyses. Different solutions from the 

individual soils were used to prepare matrix-matched standards for quantification. 

Desorption was estimated using Equation (6.4), which indicated the amount of molecules 

removed from the soil as a percentage of the initially adsorbed molecule mass. 

 𝐷 =
𝑚𝑑𝑒𝑠 𝑎𝑞

𝑚𝑎𝑑𝑠 𝑠
. 100 (6.4) 

 

Where D is the % molecule desorbed, mad s is the mass ARVD adsorbed to the soil at 

equilibrium (µg) and m des aq is the mass of ARVD desorbed from the soil at equilibrium. 

The apparent desorption coefficient, Kdes was determined using Equation (6.5), which is the 

ratio between the molecule's mass in the soil and the mass concentration of the desorbed 

compound in the aqueous solution when desorption is attained. 

 𝐾𝑑𝑒𝑠 =
𝑚𝑎𝑑𝑠 𝑠

𝑚𝑑𝑒𝑠 𝑎𝑞
.

𝑣𝑇

𝑚𝑠𝑜𝑖𝑙
 (6.5) 

Where Kdes is the desorption coefficient (mL g-1), Vt the volume of aqueous phase (mL), ms 

mass of the soil (g) 
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6.2.3 Adsorption isotherms 

Adsorption isotherms were evaluated in the 50 – 1000 µg L-1 and 5 - 200 µg L-1 ARVD 

concentration ranges for UoP and Lufa soil, respectively, generally spanning the 

recommended two orders of magnitude concentration range following the OECD method 106 

(OECD, 2000). The 1:5 soil: solution ratio was maintained. The pharmaceuticals in the aqueous 

phase were introduced as a mixture in a single centrifuge tube to minimize the number of 

samples. After overnight soil-solution agitation, an aliquot of the mixed standard was added 

to yield the desired aqueous concentration. The mixture was afterwards equilibrated for 12 

hours. The mass of the molecule remaining in the aqueous phase was measured using LC-HR-

MS. The adsorption capacity of the soils was estimated by plotting a graph of the mass 

adsorbed onto the soil against the concentration in the aqueous phase at equilibrium using 

the Freundlich and Langmuir isotherms shown in Equations (6.6) and (6.7), respectively. 

 𝐿𝑜𝑔 𝑞𝑒 = 𝐿𝑜𝑔 𝐾 𝐹 + 1/𝑛 𝑙𝑜𝑔 (𝐶𝑒) (6.6) 

Where qe (µg g-1) represents the amount of molecule adsorbed at the soil surface at 

equilibrium, Ce is the concentration in the aqueous phase at equilibrium (µg L-1), n the 

Freundlich constant, which describes the degree of surface heterogeneity, defining the 

distribution of the adsorbed molecules on the adsorbent surface.  

 KF is the Freundlich exponent (µg g-1), indicating the adsorption capacity of the adsorbent 

(soil) towards the adsorbate (ARVD molecule). 

Langmuir's adsorption model was demonstrated using Equation (6.7). 

 
𝐶𝑒

𝑞𝑒
=

1

𝐾𝐿𝑞𝑚𝑎𝑥
+

𝐶𝑒

𝑞𝑚𝑎𝑥
 (6.7) 
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Where Ce (µg L-1) and qe (µg g-1) are the concentration of the molecules in the aqueous phase 

and the amount of the adsorbed molecules in the soil at equilibrium, respectively; q max is the 

maximum adsorption capacity of the soil (µg g-1), and KL is the Langmuir constant (L µg-1). 

6.2.4 Transfer  of ARVDs from  CaCl2  and synthetic wastewater  to soils 

Identical ARVD concentrations were introduced to the CaCl2 and SW aqueous matrices, and 

the magnitude of the transfer of the ARVDs to the soils was compared.  

6.3 Results and Discussion 

6.3.1 Soil characteristics 

Table 6.1. Soil texture composition, organic matter and pH   

 Composition (%)  

Origin Sand Silt Clay OC pH 

(CaCl2) 

Soil type Abbreviation 

Lufa Speyer  67 31 2 0.6 5.7 Sandy Loamy SL 

University of 
Plymouth (UoP) 

55 44 1 9.50 7.3 Sandy Loamy OSL 

 

Table 6.1 shows that the SOM of the UoP soil was approximately 15 times higher (9.5 %) than 

the Lufa-Speyer obtained soils (0.6%). Nonetheless, the two soils were categorized as sandy-

loamy based on sand, silt, and clay content. The sandy-loamy soil type represents one type 

that has been amended with wastewater or biosolids in an agroecosystem 

(Karnjanapiboonwong et al., 2010). A 1.5 unit pH difference was measured between the two 

soils. In the remainder of the study, to differentiate the two soils, Lufa soil was abbreviated 

as SL and UoP soil as OSL, where O- indicated its higher organic content.  
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Table 6.2. Variation of soil pH measured in RO water and 0.01 M CaCl2 solution (n=5, ± SD) 

 RO water 10 mM CaCl2 Overall charge 

SL soil 6.4±0.06 5.6±0.12 negative 

OSL soil 7.4±0.03 7.0±0.06 negative 

 

Table 6.2 shows that soil pH measured in RO water was 0.8 and 0.4 pH units higher in the SL 

and OSL soils, respectively, indicating that both soils were negatively charged. Soils with a net 

negative charge are approximately 0.5 pH units higher in water than in CaCl2 solution due to 

the displacement of the H+ from the soil (Lees, 2018).  

6.3.1.1 Soil DOC and Total Nitrogen concentration 

Table 6.3 shows that synthetic wastewater (SW) and CaCl2 OSL soil extracts contained 

approximately three times higher DOC concentrations than their associated SL extracts. The 

SW and CaCl2 TN extract from the OSL soil were 8 and 2 times higher than their associated SL 

extract. Overall, SW extracts in both soils contained higher levels of DOC and TN. 

 

Table 6.3. Freshwater (CaCl2) and Synthetic wastewater (SW) extracted DOC and Total 
nitrogen concentration levels for SL and OSL soils (n=6,±SD) 

 Freshwater (CaCl2) Synthetic wastewater 

 DOC (mg L-1) TN (mg N L-1) DOC (mg L-1) TN (mg N L-1) 

OSL 866 ± 30.2 170 ± 80.0 1018 ± 20.3 390 ± 37.4 

SL 309 ± 40.3 23 ± 9.8 378 ± 45.0 221 ± 25.0 
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6.3.2 Adsorption experiment 

The pH variation in the two soil suspensions was monitored during the adsorption 

experiment. The overall pH difference between the two soils was < 1.5 pH units, varying from 

6.3 to 7.0 (Figure 6.1). 

 

Figure 6.1. Variation of soil pH in suspension during the 24-hour agitation period (n=3, ± SD) 

While measuring adsorption in SL soils, a uniform initial concentration of 150 µg L-1 for all the 

molecules was selected, Table 6.4. The concentrations were considered appropriate since the 

SL soils contained relatively lower SOM and DOC levels than the OSL soils. The initial ARVD 

concentration in the aqueous phase for the OSL soil varied from 200 -500 µg L-1. Consideration 

for the initial aqueous concentration also reflected the molecules' theoretical lipophilicities. 
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Table 6.4. Anti(retro)viral molecule solubilities, lipophilicities and initial concentration in the 

aqueous phase (CaCl2) for the adsorption experiment 

 Solubility (µg L-1)(a) Log Kow
(a) 

Initial concentration in the aqueous 
phase (µg L-1) 

SL soils OSL 

ACV 9.0 ×106 -1.0 150 200 

LVD 13.8 ×106 -1.0 150 200 

OSV 8.1×103 1.0 150 400 

NVP 1.9×106 2.5 150 400 

EFV 9.3b 4.3 150 500 
a ChemAxon, https://chemaxon.com/products/chemicalize 
b US EPA, 2012  
 

An important requirement in adsorption-desorption experiments is that the concentration of 

the test molecule should not exceed its solubility in the aqueous phase (OECD, 2000), hence 

the significance of Table 6.4. According to Table 6.4, all the ARVDs were within their aqueous 

solubility limits, except for EFV. EFV exhibits low solubility, estimated to be 9.3 µg L-1 (US EPA, 

2012) or is sometimes considered insoluble in water (ChemAxon, 2021). EFV was introduced 

at 1.5 and 5 times higher than its actual aqueous solubility in the SL and OSL soil matrix.  

Nonetheless, it was demonstrated that the apparent aqueous solubility of such hydrophobic 

compounds increases in the presence of particulate matter and colloids (Delgado-Moreno et 

al., 2010). An alternative approach would have been to reduce the OSL soil's mass to minimize 

the molecule's loss from the aqueous phase.  

As much as the initial EFV concentration was not optimal, it was a mechanistic trial. A higher 

initial concentration was necessary to permit detection in the aqueous phase after sorption. 

The detection limits for the ARVD in the two soils were estimated from the constructed 

matrix-matched calibrations using the ICH approach (ICH, 1995) (the approach was described 

https://chemaxon.com/products/chemicalize
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in section 3.2.3).  They varied from 0.8 to 1.5 µg L-1and 0.7 to 2.4  µg L-1 in SL and OSL, 

respectively, Table 6.5. 

Table 6.5. LC-HRMS method detection limits (µg L-1) for ARVDs in SL and OSL soil matrix in 

aqueous CaCl2 

 Detection limits (µg L-1) 
 SL soil OSL soil 

ACV 0.8 0.7 

LVD 0.8 1.1 

OSV 1.2 1.0 

NVP 0.7 0.5 

EFV 1.5 2.4 

 

Rapid sorption was measured on the filtrate collected within the first 3 hours, as illustrated 

in Figure 6.2 and Figure 6.3, which reflected the availability of active soil sorption sites. After 

the initial 3 hours, the loss of ARVDs to the solid phase was insignificant, possibly due to 

repulsive forces between the ARVD molecules, slowing adsorption (Kumar et al., 2008). 

However, fully occupied and hence unavailable active sites remained the most probable 

reason for the slowed loss to the solid sorbent. Eventually, an aqueous equilibrium 

concentration was attained within 24 hours of agitation. Equilibration times vary across 

experiments. For example, Lees (2018) extended the equilibration process to 120 hours. 

OECD guidelines, however, infer that acceptable equilibrium can be attained within 24 hours 

for most molecules (OECD, 2000). 
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Figure 6.2. Equilibrium concentration of the ARVDs in the aqueous phase in the SL soils over 

24 hrs of agitation (n=3, ± SD) 

 

Figure 6.3. Equilibrium concentration of ARVDs in the aqueous phase of OSL soils over 24 hrs 

of shaking (n=3, ± SD) 
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Concerning initial aqueous concentrations, sorption experiments should be performed at 

environmentally relevant pharmaceutical residue concentrations (Wegst-Uhrich et al., 2014). 

The initial aqueous phase concentrations in the two soils in the present study varied between 

5-1000 µg L-1. While the initial concentrations were consistent with OECD guidelines and 

previous studies on the lower end, < 10 µg L-1, they were higher than routinely measured 

environmental and pharmaceutical concentrations, especially in the higher end, > 100 µg L-1. 

ARVDs have been spatially measured at exceptionally high concentrations in surface water 

and wastewater, particularly in Africa. For example, efavirenz was measured in surface and 

wastewater at concentration ranges from 12 to 228 µg L-1 in South Africa, Zambia and Kenya 

(Madikizela et al., 2020;Ngumba et al., 2020 ; Adeola and Forbes, 2022). As adapted in the 

present research, previous studies have employed higher than environment-measured initial 

aqueous concentrations in pharmaceutical sorption experiments. For example, the 

interaction of acyclovir and fluconazole with quartz sand was performed at an initial 

concentration of 3-10 mg L-1, a concentration 1000-times higher than in the present study 

(Fountouli and Chrysikopoulos, 2018b). Also, the sorption of carbamazepine and lamotrigine 

in soils was measured at initial concentrations > 5 mg L-1 (Paz et al., 2016b). Furthermore, in 

measuring the sorption kinetics of efavirenz to graphene wool,  initial aqueous concentrations 

were prepared in the range of 1-20 mg L-1, considerably above the solubility of EFV  (Adeola 

et al., 2021). 

The ARVDs were introduced into the soils as a mixture rather than separate individual 

molecules in the present study. Whereas pharmaceutical mixtures can impact individual 

sorption tendencies, such as competing for existing active sites (Kočárek et al., 2016), the 

present experiment approach replicates an actual environmental scenario.  
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When the adsorbate and adsorbent are at equilibrium, a defined solute distribution is 

developed between the solid and fluid phases, and no further net adsorption is realized 

(Doran, 2013). Table 6.6 shows the amount of the ARVD partitioned from the aqueous phase 

to the soils at equilibrium. 

Table 6.6. Measured ARVD soil sorption equilibrium properties in OSL and SL soils (n=3, ± 

SD) 

Soil ARVD 

Loss from the 

aqueous phase to 

soil (%) 

Kd (mL g-1) 
log Koc (mL g-1 OC-1) 

(experimental) 

Log Koc 

(predicted) 

SL 

ACV 43.5±5.6 1.6±0.7 2.5±0.2 -0.6 

LVD 33.1±0.07 0.60±0.006 2.0±0.0 -0.6 

OSV 55.8±0.06 3.4±0.01 2.8±0.001 -1.1 

NVP 36.5±1.6 0.91±0.2 2.2±0.07 2.0 

EFV 80.9±1.2 15±1.2 3.4±0.03 3.4 

OSL 

ACV 82.3±2.1 39±8.1 2.6±0.09 -0.6 

LVD 55.2±3.5 11.6±0.0 2.1±0.0 -0.6 

OSV 58.4±2.5 24 ±0.82 2.4±0.01 -1.0 

NVP 42.9±3.0 13 ±0.59 2.1±0.01 2.0 

EFV 99.6±0.2 285 ±2.0 3.5±0.0 3.48 

 

In the SL soils, the filtrate concentrations were such that EFV > OSV > ACV > NVP > LVD at 81, 

56, 44, 37 and 33 %, respectively.  Significantly higher sorption, 16-90 % (based on loss from 

the aqueous phase), was measured in the OSL than in SL soils. In the OSL soils, the extent of 

ARVD transfer from the aqueous phase in descending order was EFV > ACV > OSV > LVD > NVP 
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i.e., 99, 82, 58, 55 and 42 % respectively.  Accordingly, the Kd values in the OSL soil were 

greater than in the SL soils, varying from 11-285 and 0.16-14 mL g-1, respectively.  

The experimental and predicted log Koc properties for neutral NVP and EFV were nearly 

identical (± 0.2) but differed for OSV, LVD and ACV. The log Koc variation in the three molecules 

from predicted values highlights the inadequacy of using mathematical models to determine 

log Koc values of ionizable molecules and, therefore, the significance of actual sorption 

experiments (Wegst-Uhrich et al., 2014; Lucas et al., 2018). The predicted and experimental 

measured log Koc similarity between the neutral NVP and hydrophobic EFV gave confidence 

in the selected experimental conditions and initial pharmaceutical concentrations employed. 

Scrutiny of the loss from suspension to soil data (Table 6.6) shows that the hydrophilic ACV 

and LVD exhibited unexpectedly high losses relative to OSV and NVP. Based on ACV's and 

LVD's octanol-water characteristics (Table 6.4), the two highly hydrophilic molecules were 

expected to exhibit minimal losses compared with NVP and OSV since they are not cationic. 

For this reason, the assumption that all ARVD loss from suspension to soils was primarily from 

sorption was likely, not valid for ACV and LVD. It was possible that other unspecified processes 

(e.g. degradation or complexation in solution) contributed to their uncharacteristically high 

losses relative to less polar and cationic molecules. For example, in the OSL soil, it is 

theoretically not feasible for ACV (82 % loss) to have a naturally high sorption tendency, Kd 

39.2 mL g-1, than with OSV's (58 % loss) Kd 24 mL g-1 in the same soil environment. The possibly 

noted non-sorption losses from ACV and LVD were highest in the OSL soil. Notably, no 

significant losses (> 8 %) were measured in the ARVD stability test; therefore, the suspected 

non-sorption losses were potentially soil matrix specific.  
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 OSV, NVP, and EFV Kd values were 6-20 times higher in the OSL soil than in the SL soil (ignoring 

ACV and LVD due to their uncertainties). OSV exhibited a 22 % difference, the most 

considerable difference in sorption between SL and OSL soils, 22 %, while EFV and NVP values 

were 19 and 6 %, respectively. 

Normalizing the Kd values by the soil OM content generated identical log Koc values across the 

two soils for all the molecules (Table 6.6). The generation of identical log Koc from soil organic 

matter values indicates that sorption is primarily governed by soil organic matter OM content 

(Paz et al., 2016b). 

6.3.3 Desorption 

Desorption data provides essential information regarding the mobility of pharmaceuticals in 

soils. It also indicates how strong a molecule is bound to soil particles (Petruzzelli and Pedron, 

2020) and depicts whether there is a risk in the soil compartment either from irreversible or 

reversible-sorbed pharmaceuticals (Mohan and Karthikeyan, 1997). Table 6.7 shows that 

within the 24 hours equilibration time, desorption was more pronounced in the SL than in the 

OSL soil, 20-96 % and 1-62 %, respectively. Accordingly, the measured Kdes values SL soil were 

2.5 to 17 times lower than in the OSL soils. 
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Table 6.7. ARVD soil desorption equilibrium properties in OSL and SL soils (n=3, ± SD)  

Soil ARVD 
ARVD concentration 

in the aqueous phase 
% desorption Kdes (mL g-1) 

SL 

ACV 18.5±1.8 41.9±9.2 7.2±2.6 

LVD 21.2±1.4 95.9±11.0 0.4±0.4 

OSV 31.8±0.5 48.5±3.2 5.3±0.7 

NVP 12.9±0.0 48.9±12.0 5.5±2.5 

EFV 23.1±0.5 20.2±0.3 19.6±0.4 

OSL 

ACV 18.9±0.07 19.1±0.36 21±0.5 

LVD 47.9±0.0 62.6±1.14 2.9±0.15 

OSV 57.3±1.3 16.8±0.24 24.6±004 

NVP 70.9±0.6 25.6±0.7 14.5±0.6 

EFV 7.1±0.01 1.5±0.02 326.4±3.3 

 

In both soils, LVD exhibited the highest desorption at 95 and 62 % in SL and OSL, respectively 

and the lowest Kdes value at 0.4 and 2.9 mL g-1. OSV and NVP in the SL soil exhibited 

reversibility tendencies as approximately 50 % of their mass was desorbed from the soil, i.e. 

48.9 and 48.5 %  in NVP and OSV, respectively. EFV exhibited the least desorption in the OSL 

soil, with < 2 % of its initially adsorbed mass partitioned back to the aqueous phase. The Kdes 

and Kd for NVP and OSV in the OSL soils were identical. 

Recalling the sorption uncertainties of ACV and LVD described in Section 6.3.2, it is likely that 

the same unpredictability was transferred to desorption since the experimental process was 

continuous. The individual adsorption and desorption tendencies of these molecules will be 

discussed in Section 6.3.5. 
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6.3.4 Adsorption isotherms 

Determination of sorption via adsorption isotherms is ideal for estimating concentration-

dependent soil-water distribution properties (Wegst-Uhrich et al., 2014). Table 6.8 showed 

that the Freundlich model adequately reflected the sorption behaviour of the ARVD 

molecules in the OSL soils as indicated by higher correlation coefficient R2 values, 0.9392--

0.9995, compared with the Langmuir model, which exhibited lower R2 values, 0.0365-0.608. 

Isotherm data on SL soil was not presented due to concentration in the aqueous phase being 

lower than the MLoQ at two concentration levels; estimating isotherms from three data 

points would be unreliable. 

Table 6.8. Sorption isotherm data for ARVD in  OSL soil 

 
 Freundlich Langmuir 

 

 

OSL 

 

 

 

ARVD KF  (µg-1-1/n L1/n g) n R2 KL (L µg-1) M (g g-1) R2 

ACV 0.3678 0.7 0.9641 0.11 30.2 0.608 

LVD 0.3328 0.56 0.9682 0.18 111.1 0.1219 

OSV 0.2018 0.97 0.9983 0.02 57.6 0.1475 

NVP 0.2018 0.91 0.9392 -4.7 94.1 0.0365 

EFV 0.670 0.44 0.9995 0.42 1.8 0.7942 

 

Figure 6.4 and Figure 6.5 illustrate the linearization of the Freundlich and Langmuir models, 

respectively.  
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Figure 6.4. Linearized Freundlich isotherms for ARVDs in OSL soils (n=3, SD) 
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Figure 6.5. Linearized Langmuir isotherms for ARVDs in the OSL soils (n=3, ± SD) 

Table 6.8 showed that the Freundlich isotherm, n, for all ARVDs was < 1, indicating an 

unfavourable and thus non-linear adsorption for most of the ARVDs molecules in the OSL 

soils. An exception was NVP and OSV, whose n was close to 1, i.e. 0.91 and 0.97, respectively, 

implying some degree of favourable sorption. In (Lees, 2018), the NVP Freundlich isotherm 

was almost linear in loam soil, i.e..n= 0.94, which was analogous to the estimated n value for 

NVP in the present study, i.e. n=0.91. It is not uncommon for pharmaceutical molecules 

isotherms to be non-linear. For example, CBZ isotherms in soils irrigated with treated 

wastewater exhibited non-linear characteristics, with n varying from 0.64-0.91 (Drillia et al., 
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2005). In highly organic soils, n for CBZ  was 1.49, which diminished to 1.05 after homogenizing 

the highly organic soils with characteristically less organic content (Drillia et al., 2005). The 

observation implied that elevated soil organic levels in the OSL soils favoured non-

linearization.   

Concerning the Langmuir isotherm, the maximum adsorption capacity of the soil, M, inversely 

varied with the magnitude of sorption of the individual ARVDs, which was expected. As shown 

in Table 6.8, the estimated M for EFV, OSV, NVP and LVD was 1.8, 57.6, 94.1 and 111.1 µg g-

1, respectively. An exception is ACV, notably due to its uncharacteristic sorption tendency 

previously discussed in section 6.3.2. 

6.3.5 Molecule-specific adsorption-desorption characteristics 

This section discusses the results of the theory behind the sorption tendencies measured in 

Sections 6.3.2 and 6.3.3. 

6.3.5.1 Acyclovir 

Acyclovir loss from the aqueous phase in the OSL matrix to the soils was two times higher 

than losses measured in the SL soils, at 83 and 42 %, respectively, with Kd values of 39 and 1.6 

mL g-1, respectively, (Table 6.6). The lipophilicity of ACV at the experimental pH was constant 

and at -1.0. Characteristically comparable antiviral molecules ganciclovir (log Dow -1.6) and 

valganciclovir (log Dow -0.69) did not significantly sorb to sediment, so the soil was ruled out 

as a significant sink for the ARVDs. The two ARVDs in the study were degraded and considered 

non-persistent in sediments (Straub, 2017). In like manner, ACV was expected to weakly 

partition to the soil and simultaneously degrade, as was noted with ganciclovir and 

valganciclovir. The larger Kd value in OSL soil implies that the soil's organic component and 
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DOC levels either enhanced its sorption or another soil property was the genesis of non-

sorption loss from the aqueous phase. 

In  Fountouli and Chrysikopoulos, (2018a), under dynamic and static experimental conditions, 

the Kd values for ACV obtained in quartz soils (a low OC soil matrix with a sand composition 

comparable to SL soils in the present study) varied between 50 – 200 mL g-1. The values were 

up to 120 times higher than the 1.6 mL g-1 obtained from the SL soils in the present study, an 

indicator of the varying sorptive capacity of soils with relatable characteristics.  

Degradation studies revealed ACV's short half-life, 5.3 hours and demonstrated that it rapidly 

biotransformed in sewage sludge  (Fountouli and Chrysikopoulos, 2018a). Again, ACV 

exhibited a low affinity for soils, was weakly adsorbed to the sandy matrix and thus expected 

to be mobile in environmental systems with a possibility of migration to subsurface water 

resources (Fountouli and Chrysikopoulos, 2018a). ACVs' low affinity to the soils and short half-

life susceptibility to biotransformation earlier highlighted in  Fountouli and Chrysikopoulos, 

(2018a) is consistent with the present study's supposition.   ACV sorption, especially in OSL 

soil, could not be higher relative to cationic OSV, and thus the measured loss from the 

aqueous phase to soils could not be attributed to sorption alone.  

Sorption of ACV to the soils would have probably been enhanced if the matrix pH was < 4.5, 

which is unlikely in the environment. At this pH, the three amine groups in ACV would have 

acquired positive charges and electrostatically interacted with the negatively charged soils. 

6.3.5.2 Lamivudine 

Little information is available concerning the sorption mechanism of LVD to environmental 

matrices. In the OSL soils, the loss of LVD from the aqueous phase (55 %) was comparable to 

OSV's loss (58 %). Based on the molecule characteristics, LVD was expected to exhibit 
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significantly lower losses and, therefore, lower sorption potential to the soils. Nonetheless, 

the hydrophilicity of LVD corresponded to its partitioning potential, exhibiting the lowest soil-

water partitioning coefficients in both SL and OSL soil, 0.6 and 11 mL g-1, respectively. It, 

therefore, implied that LVD is least sorbed to the soil organic matter and the soil DOC. LVD is 

only unstable in acidic, pH < 4.5 or alkaline, pH > 12.5 environments, which is unlikely in the 

natural terrestrial environment. It is stable in neutral conditions (Bedse et al., 2009) 

(ChemAxon, 2021). 

An adsorptive water-compatible molecularly imprinted polymer (MIP) material was 

developed to extract selected antiviral pharmaceuticals from human tissue. Data from the 

experiment indicated LVD's low adsorptive potential compared with ACV, which exhibits 

similar hydrophilicity. LVD exhibited a lower interaction potential with the MIP, shown by its 

lower distribution coefficient relative to ACV, i.e., 51.4 mL g-1 to 60.4 mL g-1, respectively 

(Pourfarzib et al., 2015). LVD's lower Kd value was due to its weaker hydrogen-bonding 

interaction with the MIP sorbent (Pourfarzib et al., 2015). Accordingly, its weak hydrogen 

bonding potential likely contributed to its low soil-water Kd values in the present study.  

6.3.5.3 Oseltamivir 

OSV partitions to soils by diverse mechanisms. OSV was predicted to be 99.9 % cationic in the 

SL soil (pH 6.0) and 98.9 in the OSL soil (pH 7.2). In addition to hydrophobic interaction, 

stronger electrostatic attraction interactions were involved (Wang et al., 2015). This multi-

faceted adsorption approach is the probable basis for why a hydrophilic molecule such as OSV 

(log DoW -1.1) partitioned relatively strongly (55-58 %) to the soils compared with the neutral 

and mid- hydrophobic NVP (36-42 %), which solely relies on the hydrophobic interactions.  
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OSV cationic charge diminishes at pH > 7, so other non-electrostatic interactions, i.e., van-

der-Waals and H-bonding, complement the reduced main electrostatic forces (Wang et al., 

2015). At pH > 7,  as was the case for the OSL soil, the primary electrostatic adsorption would 

have reduced due to a lower NH3
+: NH2 molar ratio as the OSV loses its charge to < 50 % due 

to deprotonation (Wang et al., 2015). The van-der-Waals and H-bonding – complementing 

the hydrophobic interaction was the likely reason for the continued strong adsorption in the 

OSL soil, despite the slight increase in pH in the OSL soil, up to pH 7.2. 

OSV exhibited moderate affinity towards an eco-friendly granular bioplastic material 

formulated to remove OSV from effluent. Approximately 50 % of the OSV was dissipated to 

the bioplastic (Accinelli et al., 2010a). However, in terms of Kd, the calculated Kd value, 47.1 

mL g-1 (Accinelli et al., 2010a), was two times higher than the values obtained in the OSL soils 

in the present study (23.9 mL g-1). As earlier mentioned in (Accinelli et al., 2010a), 50 %  of 

ACV was lost from the aqueous phase to the granular bioplastic. The measured loss was 

comparable to the losses from the aqueous phase measured in the present study, i.e. 58 and 

55 % loss in the OSL and SL suspension, respectively. The 50 % loss in  was classified as 

moderate loss. Employing a similar classification, it was concluded that OSV equivalently 

exhibited moderate affinity towards the soils in the present study. Contrary to the present 

study, however, in Accinelli et al. (2010), the loss of OSV to the solid phase did not fit the 

Freundlich isotherm.  

The likelihood of increased mobility of OSV due to reduced adsorption strength is high in 

sandy and silty soils. A nine-month monitoring study of surface waters revealed that OSV and 

its metabolite oseltamivir carboxylate (OSC)  had lower adsorption rates on the sandy and 

silty sediment and were, therefore preferentially transported downstream (Azuma et al., 
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2017). The measured Kd values in the sandy and silty sediments varied from 0.8 - 1.0 mL g-1, 

implying that OSV was preferentially partitioned in the aqueous phase. The Kd values reported 

are consistent with those obtained in the present study's SL soils (i.e. 3.4 mL g-1), which have 

comparable sand composition and lower OC content.  

The extent of sorption for oseltamivir carboxylate (OSC), the primary OSV metabolite, was 

measured in sediment with the following properties, sand levels 91-94 %, % OM 2.6-2.9 % 

and soil pH 6.9 – 7.6. The initial OSC concentration was in the range of 20 -100 µg L-1. 65-70 

% of the OSC remained in the solution implying a 30-35 % sorption to the sediment (Saccà et 

al., 2009). The dissipation percentage was lower than the extent of the present study, 55 -58 

%. The disparity was due to a lower sand proportion of 55-67 % and a higher % OM range, 

0.6-9.5%, in the soils of the present study. There was minimal variation in soil pH 6.9-7.6 and 

6.0-7.0 between these two studies. Therefore variation in adsorptive strength between these 

two studies was due to the elevated hydrophobic interaction between the molecule and soil 

in the present study. Also, increased H-bonding and van-der-Waal forces are experienced in 

the present study since fewer active sites were present in the sandy soils of Saccà et al. (2009). 

However, the main difference was because OSC was a metabolite and, therefore, slightly 

more hydrophilic than the parent compound OSV. The metabolite increased hydrophilicity 

contributed to its minimal sorption with the soil DOC and organic matter. Direct extraction of 

the OSC from the sediment in Saccà et al. (2009) using organic solvent found that only 4-7 % 

of the OSC partitioned to the soil was permanently bound to the residues, an indication that 

OSC was less likely to persist in soils, and exhibits high desorption tendencies.  
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6.3.5.4 Nevirapine 

Nevirapine was neutral and unionized at the experimental pH and therefore experienced 

minimal hydrophobic interactions and hardly any electrostatic interactions with the soils. 

Theoretically, it was expected that NVP would exhibit stronger partitioning to the solids 

compared with LVD and ACV. In the SL soils, 36 % of NVP sorbed to the soils, giving a Kd of 0.9 

mL g-1. The coefficient did not vary widely from the 0.6 and 1.6 mL g-1 obtained from LVD and 

ACV, respectively. In the OSL soil, NVP exhibited a Kd of 13.2 mL g-1. CBZ, which has similar 

characteristics to NVP, just as in the SL soils of the present study, exhibited negligible sorption, 

0.4 – 1.3 mL g-1 in sediment composed of  92 % sand content  (Martínez-Hernández et al., 

2014) sand levels 50 % higher than in SL soils s in the present study.   

Generally, the measured low sorption tendencies towards soil can be attributed to NVP's 

neutrality and the absence of charge interaction with the soil. In the OSL soil, Kd was 13 times 

higher, demonstrating increased hydrophobic interactions with increased soil OM and DOC 

content. 

 Lees, (2018) reported that NVP  exhibited Kd and log Koc values of 1.4 mL g-1 and 1.9 mL g-1OC-

1, respectively, in an SL identical soil. The reported values were consistent with the sorption 

coefficient measured in the present study, i.e. 0.9 mL g-1 and 2.2 mL g-1OC-1, respectively. In 

NVP, the electron pairs on the nitrogen atom in the aromatic pyridine structure may facilitate 

the formation of a covalent bond with electrophiles in the sorbent (the soils) (Adeola et al., 

2021). This is the most probable interaction mechanism of NVP with soil sorbent. NVP's low 

adsorption coefficient relative to the ionizable OSV and neutral ACV implies enhanced 

mobility. The relatively higher desorption capacity also implies that NVP is neither degraded 
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nor lost in the system but is somewhat mobile rather than partitioned to the bulk of the soil 

and OM component (Schoeman et al., 2017).  

6.3.5.5 Efavirenz 

Table 6.6 showed that EFV exhibited the highest Kd and log Koc values across the two soils and 

amongst the five ARVDs. Table 6.7, on the other hand, showed EFV exhibited the lowest 

desorption values, demonstrating its limited mobility tendencies. Its loss to soils was 19 % 

higher in the OSL soils (99 %) compared with the SL soils, 80 %. The distribution of EFV in 

wastewater treatment plants indicates that it preferentially partitions to solids. For example, 

21-70 % of EFV was bound to solids; hence it was the primary method of removal from the 

WWTPs (Schoeman et al., 2017). Its low water solubility accelerates its preferential 

distribution to solids (Mlunguza et al., 2020). The highly electronegative fluorine in the EFV 

molecule suggests the possibility of solid electrostatic attractions with electron-rich 

negatively charged soils; combined with hydrophobic interaction; the mechanisms account 

for its high adsorptive tendencies in the soils. 

In addition to hydrophobic bonding, NVP and EFV may also experience pi- and H- bonding 

(Adeola et al., 2021). Soil pH least impacts the sorption mechanism of these two molecules. 

The molecules were neutral across the environmental pH range. EFV becomes anionic only at 

pH >11, which is highly unlikely in an actual environment (Adeola et al., 2021). Contrastingly 

NVP may convert to a cation at < pH 4.5, which is an extremely low pH for a natural ecosystem. 

Occasionally, other factors dissimilar from bonding mechanisms may influence adsorption. 

For example, NVP, despite being less hydrophobic, was strongly retained by organic graphene 

wool, a carbon-based adsorbent specifically designed for water purification systems. The 

sorbent demonstrated a higher adsorptive capacity Kd 2.54 L g-1 for NVP, approximately two 



152 
 

times higher than for EFV (1.48 L g-1). In this case, the size of active sites on the adsorbent 

preferentially favoured adsorption of NVP rather than EFV  (Adeola et al., 2021). 

The impact of clay on sorption in this study was ignored. Table 6.1 shows that the clay content 

in the two soils was < 2 %, indicating that clay presented the most negligible impact on the 

measured adsorption. 

6.3.6 Classification of mobility of ARVDs  

Kd and log Koc are critical parameters in assessing a contaminant's mobility in water relative 

to soils (Chen et al., 2016). The classification was based on FAO's template on the mobility of 

pesticides in soils based on log Koc (FAO, 2000). The premise, according to FAO, is that the 

higher the log Koc, the lower the mobility of the species. In this approach, log Koc 2-3, 3-4, 4-5, 

and > 5  molecules are classified as moderately mobile, slightly mobile, hardly mobile and 

immobile, respectively. The mean log Koc between SL and OSL soil exhibited by ACV, LVD, OSV 

and NVP was 2.55, 2.05, 2.6 and 2.15. Accordingly, the four molecules were classified as 

moderately mobile. EFV, log Koc 3.45 was categorized as slightly mobile. None of the ARVD 

exceeded log Koc > 4.0. According to FAO, any molecules exceeding this threshold are of 

concern. While such a molecule does not leach to the ground, it may impact terrestrial 

organisms, calling for further toxicity tests. 

6.3.7 Transfer of ARVD from synthetic wastewater to soils 

6.3.7.1 Adsorption 

This section discusses the measured difference in magnitude of the transferred molecules 

between freshwater (0.01 M CaCl2) and the soil's synthetic aqueous wastewater phases. 

 A 1.5 pH difference was measured across the suspension of the SL-CaCl2, OSL-CaCl2, SL-SW 

and OSL-SW (6.7-7.5), Figure 6.6. The OSL-SW suspension had a relatively stable pH, probably 
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due to the phosphate buffer present in the SW matrix. While pH may be stable in controlled 

experiments, natural wastewater characteristics vary widely depending on the influent 

sources and treatment technologies (Von Sperling, 2015). Accordingly, irrigation with SW 

significantly either initiates an increase, decrease or sometimes does not institute significant 

pH changes in soils (Christou et al., 2017b). 

 

Figure 6.6. pH levels measured in the SL-CaCl2, OSL-CaCl2, SL-SW and OSL-SW suspension 

during the adsorption experiment. 

 

Table 6.9 shows the difference in the amount of ARVD partitioned from the aqueous phase 

to the soils between the CaCl2 and SW matrices. The ensuing soil-water coefficient values are 

also presented  
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Table 6.9. Table loss of ARVD between SW and CaCl2 to soils (n=3, ± SD) 

Soil ARVD Irrigation matrix 
% Loss from the 

aqueous phase 
Kd (mL g-1) 

SL 

ACV 
CaCl2 23.2±4.5 1.5±0.4 

SW 14.1±1.5 0.8±0.1 

LVD 
CaCl2 28.0±2.1 2.0±0.2 

SW 18.2±1.4 1.1±0.1 

OSV 
CaCl2 34.0±0.3 2.6±0.0 

SW 58.2±2.8 7.0±0.8 

NVP 
CaCl2 30.9±3.3 2.0±0.3 

SW 29.3±1.0 2.1±0.1 

EFV 
CaCl2 80.1±1.5 20.3±2.0 

SW 90.2±2.6 48.2±14.3 

OSL 

ACV 
CaCl2 32.3±0.6 2.4±0.1 

SW 23.3±1.9 1.5±0.2 

LVD 
CaCl2 33.3±0.1 2.5±0.0 

SW 23.7±1.2 1.6±0.1 

OSV 
CaCl2 58.4±2.5 19.1±1.5 

SW 74.8±1.1 34.8±1.8 

NVP 
CaCl2 42.9±3.0 12.6±0.9 

SW 37.4±1.6 11.0±0.4 

EFV 
CaCl2 94.0±1.7 212.7±60.4 

SW 97.6±6.3 518.0±4.1 
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Figure 6.7. Graph comparing  ARVD losses from SW relative (normalized) to losses from 

CaCl2, values > 1 indicated higher losses from SW than from CaCl2 

 

Figure 6.7 was constructed to visualize better data presented in Table 6.9 by normalizing the 

loss from SW relative to partitioning from CaCl2. Values > 1 signified higher losses from SW to 

the soils than from the freshwater for the same molecule. In the SL soil, OSV and EFV exhibited 

higher transfer magnitude from SW suspension than CaCl2. Relative OSV partitioning was 

highest, 70 % higher than associated CaCl2 losses. The neutral and hydrophobic EFV loss from 

SW relative to CaCl2 was lower, being < 10 % lower than from CaCl2.  While Table 6.9 shows 

EFV exhibited the highest loss from SW (90 and 97 %, respectively), the discussion here is 

based relative on each molecule's associated loss in the CaCl2 matrix, and hence the 

consideration that OSV in the SW exhibited the highest partitioning from SW than from in 

CaCl2 solution. 

-50

-30

-10

10

30

50

70

90

ACV LVD OSV NVP EFV ACV LVD OSV NVP EFV

SL OSL

%
 lo

ss
 f

ro
m

 a
q

u
eo

u
s 

p
h

as
e

(S
W

/C
aC

l 2
)



156 
 

Overall, the mean Kd for SW was higher than from CaCl2, 7.1 and 4.1 mL g-1, respectively. The 

SW matrix wastewater's impact on the ARVD-soil interaction mechanisms is a direct 

contribution of the DOC inherent in the SW, as revealed in the data presented in Table 6.3.   

The consistent transfer of OSV from suspension to both soils is unique to OSV only. OSV was 

cationic in both solutions. It is likely that The SW solution's chemistry, especially the presence 

of inorganic ions, greatly impacts the transfer of cationic organic molecules to the soils. 

Sorption of cationic species, caffeine and atenolol, onto natural sandy loam from synthesized 

reclaimed water was higher than for anionic (sulphamethoxazole) and neutral 

(carbamazepine) (Martínez-Hernández et al., 2014). The observation was consistent with the 

transfer pattern in the present study. Accordingly, a molecule's type and degree of ionization 

strongly influence its transfer from wastewater-type related matrix to soils.  

Peña et al. (2020) reported that irrigation with wastewater increased the sorption potential 

of hydrophobic pesticides, log Kow > 4.6 to the soils is consistent with observations in the 

present study. Figure 7 showed that EFV similarly exhibited a higher tendency of transfer from 

SW to the soils than from freshwater, especially in the SL soil. At the same time,  adsorption 

of low and mid-polarity pesticides was least impacted by the wastewater irrigation matrix 

(Peña et al., 2020), which explains the absence of a clear adsorption pattern by the mid-polar 

NVP and less polar ACV and LVD as shown in Figure 6.7. 

6.3.7.2 Desorption potential of SW and CaCl2 

Herein the desorption potential of SW and CaCl2 was compared on soils initially infiltrated 

with SW laden with the ARVD molecules. Table 6.10 showed that the magnitude of desorption 

realized by the two solvents in the SL soil was directly proportional to the log Kow of the 

molecule, i.e., ACV>LVD>OSV>NVP>EFV. 
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Table 6.10. SW and CaCl2 matrix-induced desorption statistics on soils (n=3, ±SD) 

Soil ARVD Desorbing matrix % Desorption Kdes (mL g-1) 

SL 

ACV 
CaCl2 73±1.4 1.8±0.1 

SW 82±0.8 1.3±0.5 

LVD 
CaCl2 61.9±2.4 3±0.04 

SW 58.7±2.1 3.5±0.6 

OSV 
CaCl2 64.1±0.4 2.7±0.05 

SW 36.2±0.9 8.7±0.9 

NVP 
CaCl2 21±0.2 18.8±0.09 

SW 16.3±1.0 25.5±0.4 

EFV 
CaCl2 8.8±0.3 52±1.1 

SW 16.5±0.4 25.2±0.6 

OSL 

ACV 
CaCl2 65.8±1.1 2.6±0.2 

SW 98.7±0.8 0.07±0.003 

LVD 
CaCl2 113.3±1.1 -0.5±0.04 

SW 133.3±2.3 -1.2±0.04 

OSV 
CaCl2 18.5±0.6 21.8±0.8 

SW 9.4±0.2 47.7±0.7 

NVP 
CaCl2 30.7±1.8 11.2±0.5 

SW 32.6±0.4 10.3±0.3 

EFV 
CaCl2 0.51±0.03 105.2±1.1 

SW 0.93±0.12 54.7±0.3 

 

.  
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Figure 6.8. Graph comparing SW's relative (normalized) desorption potential to CaCl2 on 

individual molecules. Values > 1 indicated higher desorption potential from SW. 

 

Figure 6.8 shows that EFV exhibited the highest desorption potential between the SW and 

CaCl2 solutions. In the SL and OSL soil, EFV desorption by the SW was approximately two times 

and 1.5 times higher than the CaCl2-induced desorption. The SW-DOC interaction was likely 

stronger than the existing EFV-SOM complex. Therefore, the EFV-DOC complex was 

transported outside the bulk of the soil, typically between hydrophobic compounds and 

wastewater DOC (Peña et al., 2020). Notably, the extent of desorption was inversely 

proportional to the amount of SOM. The cationic OSV was least impacted by infiltration of 

SW; it was approximately half less likely to be desorbed from the soils by the SW solution than 

the CaCl2 (freshwater) solution. NVP exhibited the least variability in desorption tendencies 

from the action of the two solution matrices.  

6.3.7.3 Conclusion 

Soil organic matter directly impacted sorption in the two soils as normalization of Kd values 

with SOM resulted in identical log Koc for each molecule across the two soils. At the same time, 
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molecule hydrophobicity or ionization influenced sorption significantly. EFV was the most 

hydrophobic and correspondingly exhibited the highest soil-water distribution coefficients. 

OSV, which was fully cationic, exhibited the second-highest sorption tendencies. OSV 

exhibited reversibility tendencies over the 24-hour equilibration period as approximately 50 

% of its initially sorbed mass was transferred to solution in the desorption experiments. The 

neutral and mid-polar nevirapine exhibited low sorption tendencies relative to EFV and OSV. 

The uncharacteristically high losses of ACV and LVD relative to OSV implied that processes 

besides sorption were influential. The two compounds experienced higher degradation 

tendencies than the EFV, OSV and NVP. OSV exhibited the highest magnitude transferred 

from SW aqueous phase to soils relative to transfer from the CaCl2 solution. On the other 

hand, EFV exhibited the highest desorption losses from soils when desorbed by SW relative 

to CaCl2 solution. 
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Chapter 7                                                                                                                                         

Impact of wastewater irrigation on uptake of ARVDs in lettuce 

 

Overview 

This chapter presents and discusses data from the uptake and accumulation experiments 

performed in the soil matrix. The rationale for selecting experimental protocols and 

procedures is described. In the study, ARVD molecules were introduced into the soils via 

irrigation using spiked synthetic wastewater and spiked freshwater. OSV, NVP and EFV were 

detected and quantified in the soil and the plant matrices. However, the hydrophilic ACV and 

LVD were not detected in either matrix. The mean ARVD accumulation in the lettuce grown 

in sandy soils was eight times higher (323 ng g-1) than in lettuce grown in organic-rich soils (39 

ng g-1). At the same time, the mean accumulation in lettuce was six times higher (320 ng g-1) 

in the synthetic wastewater-irrigated soils than in thefreshwater-irrigated lettuce (52 ng g-1).  

7.1 Introduction 

Due to the complex nature of wastewater, its reuse can induce varying influences on the fate 

of the existing or newly introduced organic contaminants in soils (Peña et al., 2020). In soil-

plant systems, the amount of organic contaminant that accumulates in the plant will depend 

on several factors. Such factors include the extent of its sorption/desorption, its physical-

chemical characteristics and its predisposition for degradation or transformation (Thiele-

Bruhn et al., 2004; Pan and Chu, 2016; Y. Li et al., 2019b). Since an exogenous chemical is 

transported mainly by the soil's pore water, this portion of the chemical is more readily 

bioavailable for uptake into the plant roots (Miller et al., 2015).  

While ARVDs residue occurrence data in surface waters and wastewater is available, (Adeola 

and Forbes, 2022; K’oreje et al., 2018b; Madikizela et al., 2020; Mlunguza et al., 2020a; 
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Ngumba et al., 2020 and Adeola and Forbes, 2022). However, information on the interaction 

between ARVDs and the soil, particularly in agroecosystems, is unavailable. Studies in Table 

7.1 show that commonly investigated pharmaceuticals in soils are antibiotics, NSAIDs and 

stimulants. 

The present study incorporates soil and is an upscale of the wastewater-only-based 

hydroponic experiment described in Chapter 5. Therefore, the objective of this study was to 

investigate the impact of SW (simulating actual wastewater) irrigation on the uptake of five 

ARVDs in two soils in a controlled soil-plant system. This environment simulated the 

complexities of actual agroecosystems. The resultant ARVD accumulation in soil and lettuce 

was measured. Bioconcentration factors were calculated based on ARVD concentration in the 

bulk of soil and the pore-water. The potential risk to humankind from consuming 

contaminated lettuce was evaluated. 
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Table 7.1. Pharmaceutical-soil-plant system interaction studies 

Class Pharmaceutical Plant Spike/ 

exposure 

amount 

 

Irrigation agent/ 

Study 

environment 

Concentration  

in soil 

(ng g-1) 

 

Concentratio

n in plants 

ng g-1 

 

study 

Antibiotics Tetracycline 

Amoxicillin 

Lettuce 

Carrot 

0.1 – 15 mg L-1 Soil irrigated with 

freshwater  FW in 

Greenhouse 

study 

- 4.4-45.2  (Azanu et al., 

2016) 

Stimulant, 

antibiotic, 

anticonvulsant 

Lipid lowering 

agent 

Bezafibrate, 

Caffeine, 

Carbamazepine

, Clofibric acid, 

Ibuprofen, 

Ketoprofen, 

lamotrigine 

Cucumber 

Tomatoes 

0.02 -2.44 µg L-

1 

Soil irrigated with 

FW-spiked 

TWW-spiked 

TWW- unspiked 

Field study 

> LOQ – 50   > LOQ– 450  (Goldstein et 

al., 2014) 

Antibiotics, 

anti-epileptics, 

hormones 

15 pharma Radish µg g-1 Soil irrigated with 

FW Greenhouse 

study 

- 14.1-14080  (Y. Li et al., 

2019b) 

Antibiotics Lincomycin, 

oxytetracycline 

sulfamethoxaz

ole 

Lettuce 1 mg L-1 Soil irrigated with 

FW in a 

Greenhouse 

study 

- >LOQ to 66  (Sallach et al., 

2018) 

Antibiotics 

NSAIDs 

Diclofenac 

Sulfamethoxaz

ole 

Tomatoes - Soil irrigated with 

Field TWW 

0.06-0.98  11.63  (Christou et al., 

2017b) 
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Trimethoprim 

 

(unspiked) in the 

field 

Sulphonamide

s, oestrogens, 

stimulants, 

biocides 

 Lettuce 4- 40 µg g-1 Spiked soil 

irrigated with FW  

(rainwater) 

Greenhouse 

study 

0.3-167  LOQ -1630  (Hurtado et al., 

2016) 

12 trace 

organic 

contaminants 

 alfafa - Soil irrigated with 

TWW (unspiked) 

in the field 

> LOQ -329 <1-49  (Sharma et al., 

2020) 

Antidepressant

s 

Stimulants 

Atenolol, 

caffeine, CBZ, 

naproxen, 

gemfibrozil 

Cabbage, 

barley, 

zucchini, beans 

 Soils irrigated 

with Field  

unspiked TWW in 

the field 

48-96  34-125  (Picó et al., 

2019) 

Antibiotics, 

painkillers 

Ciprofloxacin, 

sulfamethoxaz

ole, diclofenac, 

metoprolol, 

clarithromycin 

leek 10 µg L-1 Soil irrigated with 

spiked and 

unspiked TWW in 

the field 

1-30  1-660  (Manasfi et al., 

2021) 

Antibiotic enrofloxacin Soybean, bean 

and corn 

10 µg L-1 Soil irrigated with 

spiked FW in the 

greenhouse 

- 1.68- 51.0  (Marques et 

al., 2021) 
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7.2 Material and methods 

7.2.1 Lettuce irrigation 

Five-week-old lettuce seedlings (romaine variety) were transplanted from a seedbed into 

porous cylindrical plastic containers (10 cm diameter X 10 cm height). The pots contained 400 

g of either OSL or SL soils (soil characteristics in section 6.3.1). The transplanted seedlings 

were watered with stored rainwater (FW) for seven days to acclimate to the new soil 

environment. Afterwards, one set of the lettuce seedlings was irrigated with spiked synthetic 

wastewater (SW)  (characterized in  Section 5.2.1) and FW, containing a mixture of the ARVDs, 

all at  50 µg L-1. The control was irrigated with unspiked SW and FW.  Each potted plant was 

irrigated every three days with 50 mL of the irrigation matrix. The irrigation matrix was 

delivered to the base of the plant to avoid any deposition on the leaves. Triplicate lettuce 

plants, soil samples and pore water were sacrificially harvested and collected every three 

days, days 1, 3, 6, 9, 12, 16 and 20, for analyses. A control setup was irrigated with the 

unspiked FW and SW separately at the same frequency as the ARVD-exposed plants.  Fertilizer 

was not added during the entire irrigation period.  

7.2.2 Data collection 

The pH of the freshly prepared SW from the stock was routinely measured before each 

irrigation exercise. The soil's average moisture content (% MC) was obtained using a soil 

moisture meter. The mean soil MC was an average of the measurements taken immediately 

after irrigation and during harvesting. The concentration of the ARVDs in the leachates 

(irrigation water that permeated the soils and exited the pot) was collected and measured. 

Afterwards, the soil's pore-water (PW) component was obtained by centrifugation of a 

subsample of the soil. A portion of the pore-water samples was filtered through a 0.42 µm 
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GFF and analyzed for ARVDs. All the samples were stored at 4 °C until analyses. The plug of 

soil that remained in the tube during pore-water extraction was frozen at -20 °C, freeze-dried 

and had ARVDs extracted from it. The remaining soil subsample (not centrifuged) was air-

dried and stored in aluminium foil for soil pH and soil organic matter (SOM) measurements. 

These parameters were measured using the methods previously described in Section 6.2.2.1. 

ARVD residues in the plant and soil samples were extracted according to the protocols 

described in Section 3.2.5 

Usually, the pharmaceutical distribution in soil-water-plant systems is characterized by the 

bioconcentration factor (BCF), which is a ratio of the molecule concentration in the plant to 

the concentration of the molecule in the soil or the pore-water (Hurtado et al., 2016). 

Accordingly, the soil and pore-water BCFs were estimated from the measured whole-plant 

accumulation in lettuce, the measured ARVD concentration in the soil and the pore-water 

fraction, as shown in Equations (7.1) and (7.2). 

 𝐵𝐶𝐹𝑠𝑜𝑖𝑙 =
𝐶 𝑤ℎ𝑜𝑙𝑒 𝑝𝑙𝑎𝑛𝑡

𝐶 𝑠𝑜𝑖𝑙
 (7.1) 

 𝐵𝐶𝐹𝑝𝑜𝑟𝑒−𝑤𝑎𝑡𝑒𝑟 =
𝐶 𝑤ℎ𝑜𝑙𝑒 𝑝𝑙𝑎𝑛𝑡

𝐶 𝑝𝑤 (𝑝𝑜𝑟𝑒−𝑤𝑎𝑡𝑒𝑟)
 (7.2) 

Where C whole plant is the concentration of the ARVDs in the plant (ng g-1, dry weight), C pore-water 

is the ARVD concentration in the pore-water (ng mL-1), and C soil is the ARVD concentration in 

the bulk of the soil (ng g-1). 

7.2.3 Estimation of health risk  

Potential health risks that could have arisen from the consumption of contaminated lettuce 

was estimated by comparing the daily dietary intake (DDI) of each chemical per kilogram 
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bodyweight (µg kg-1 d-1), estimated according to Equation  (7.3) from  (Legind and Trapp, 

2009). 

 𝐷𝐷𝐼 =
𝐶 × 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛

𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑏𝑤)
 (7.3) 

Where C is the concentration of the ARVD in plant tissue (µg g-1, wet weight), consumption is 

the average daily consumption of lettuce (g d-1) and body weight- is the standard average 

body weight of an adult (taken as 70 kg). 

7.2.4 Experimental conditions 

7.2.4.1 Experimental design  

The two common approaches to introducing pharmaceuticals in soils are listed in studies 

shown in Table 7.1, i.e., directly introducing the molecule to the soil before irrigation or via 

the irrigation agent. Since the purpose of the present study was to mimic introduction via 

irrigation, application via spiked FW/SW matrix to the surface of the soil approach was 

selected. The present study's experimental approach was employed in Goldstein et al. (2014), 

Azanu et al. (2016) and Paz et al. (2016), whereby continuous irrigation with either 

pharmaceutical spiked freshwater (FW) or spiked treated/reclaimed wastewater (TWW) was 

undertaken. The alternative approach, of introducing of the contaminant directly into the soil 

and then irrigating using unspiked FW or TWW, was reported by Williams et al. (2015b), 

Hurtado et al. (2016) and Li et al., (2019b). The advantage of the latter approach is that it is 

more feasible to perform mass balances in the system as the target molecule remains 

constant. The present study's approach nevertheless reflects the dynamism of 

agroecosystems whereby there is continuous addition and removal of the molecule via 

irrigation. A comparison between overhead and soil-surface irrigation revealed higher 
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detection of pharmaceuticals on the leaves in the overhead-irrigated vegetables (Bhalsod et 

al., 2018), emphasizing the need to apply an irrigation matrix closest to the soil surface. 

7.2.4.2 Exposure concentration 

Broad exposure concentrations, ng L-1 to mg L-1, have been employed in controlled soil-plant 

pharmaceutical uptake studies, as observed in studies listed in Table 7.1. However, there is a 

debate on the ideal exposure concentrations or range for uptake and accumulation studies. 

For example, Sun et al. (2018) suggested that environmentally relevant concentrations for 

pharmaceutical experiments should be confined within the 0.5-50 µg L-1 levels. (Nason et al., 

2019) were of the contrary opinion, recommending concentrations ≤ 1 µg L-1 as ideal and 

concluded that concentrations in the 100 µg L-1 were inappropriate since they are 100 times 

above regularly measured environmental residue concentrations. Interestingly, 

concentrations  > 1 mg L-1  have been used before in plant exposure experiments (Sallach et 

al., 2018). This study used an exposure concentration of 50 µg L-1 for all the ARVDs in the 

irrigation media. This concentration is within the routinely measured ARVD environmental 

concentration range (20 to 167,100 ng L-1 ) measured in surface waters and WWTPs in Africa 

(Fekadu et al., 2019; Adeola and Forbes, 2022).   

7.2.4.3 Irrigation agent 

This study used two irrigation matrices: freshwater, FW (unchlorinated stored rainwater), and 

synthetic wastewater (SW) in place of actual treated wastewater (TWW). Justification for the 

use of SW was comprehensively provided in Section 5.2.3.1. Table 7.1 shows that actual TWW 

is preferentially used in soil-plant experiments as an irrigation matrix. So far, information on 

experiments that have utilized SW as a surrogate for plant irrigation is not readily available. 

Nonetheless, SW has been used in experiments that measured the impact of wastewater 
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irrigation on soil hydraulic properties (Erfani Agah et al., 2017)  and in column experiments to 

measure the impact on the mobility of pharmaceuticals in soil (Borgman and Chefetz, 2013).  

Again SW has been used in pharmaceutical sorption experiments (Bagnis et al., 2018a; Lees, 

2018). In this study, SW was purposefully selected due to the impracticability of continuously 

obtaining TWW with the same characteristics for continuous experiments over three years. 

Storage challenges were foreseeable since TWW is usually malodorous, biologically and 

chemically active; therefore, storage for an extended duration in shared laboratories would 

not have been ideal.  This study’s SW was prepared following a defined process with 

ingredients comprising inorganic, organic, and particulate material (Table 5.1). It was ideal for 

experiments as it was easily replicable (Boeije et al., 1999b; Tchobanoglous et al., 2003; 

O’Flaherty and Gray, 2013).  

7.3 Results  

7.3.1  Soil and irrigation water matrix pH 

The mean pore-water and soil pH obtained from the cumulative individual measurements 

over the 21-day experiment duration is shown in Table 7.2. 

Table 7.2 Mean soil and pore-water pH measured over the 21-day exposure duration (n=14, 

± SD) 

 Irrigation matrix Pore-water pH Irrigated soil pH 

SL 
SW 6.3 ±0.6 5.7±0.1 

FW 6.9 ± 0.7 5.6±0.09 

OSL 
SW 6.7 ± 0.4 5.8±0.1 

FW 6.9 ± 0.5 6.0±0.1 

 



169 
 

The pH of the SW used for irrigation was not stabilized with phosphate buffer (as it was during 

the adsorption experiments), and it, therefore, was slightly acidic (pH 6.3). The FW from the 

stored rainwater reservoir was similarly pH 6.8, on average 0.5 pH unit higher than the SW 

pH. Table 7.2 shows that the mean FW and SW pore-water pH across the soils during the 

entire irrigation period was 6.8 ±0.5 and 6.3 ±0.8, respectively. Generally, the pore-water pH 

was approximately one pH unit higher than the corresponding soil pH. The acidic SW irrigation 

matrix-induced pH reduction in the soils was particularly evident in the OSL soil. Its initial 

unamended pH was 7.0; it was altered to pH 5.7 post-SW irrigation. 

7.3.2 Soil moisture content 

The soil moisture content in the system was also monitored during the irrigation period and 

is shown in Table 7.3. 

Table 7.3. Soil moisture content (% MC) measured during exposure experiment (n=3 ± SD)( 

SL- sandy soils, OSL- sandy soil swith higher organic content) 

 Moisture content (%) 

 SW FW 

Time (day) SL  OSL SL OSL 

1 21.4± 0 50.0±0.0 32.4±0.0 50.0±0.0 

3 30.4 ±7.1  50.0±0.0 27.6± 9.8 49.2±1.0 

6 19.6 ±1.6 45.2±4.5 22.2±10.1 37.2±0.3 

9 18.2 ±1.0 37.3±3.7 29.5 ±9.1 34.1±0.7 

13 26.2± 0.2 41.4± 9.0 30.7±8.1 35.2±0.2 

16 37.7 ±2.4 29.1±1.0 28.6 ±5.1 33.2±2.5 

20 22.1 ±1.1 24.9 ±1.4 15.4±8.2 28.7±12.4 
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Table 7.3 shows a wide MC variation between the SL and OSL soils. The SL soil MC varied from 

15 to 32 %, while the OSL MC varied from 28 to 50 %. The maximum measured OSL MC was 

up to 1.5 times higher than the highest level measured in the SL soil. 

Usually, in uptake experiments, it is recommended that irrigation volumes should not exceed 

field water maximum water holding capacity (MWHC)  to minimize the leaching of the target 

contaminants (Hurtado et al., 2016).  At the same time, adequate moisture content is 

necessary for the organic contaminant uptake in the soils to be realized since the transpiration 

stream is the main driving force of the uptake of solutes from the root to above-ground tissues 

(Dodgen et al., 2013).   

The SL’s soil MWHC was approximately 35 % (according to the vendor). Though not provided, 

the estimated MWHC of the OSL soil was presumably at least two times higher, as noted in 

the measured MC, since it contained less sand and a higher % organic matter capacity than 

the SL soil. For this reason, the irrigation volume was selected not to exceed the MWHC of 

the soils, 50 mL, which was ca 16 % by mass of soils.  

7.3.3 Soil organic matter (SOM) 

The mean post-irrigation SOM between the FW and SW irrigated OSL soils was not different 

(p=0.7), i.e., 9.3 % and 9.7 %, respectively ( 
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Table 7.4). Likewise, the SOM in the SL soil did not differ between the two irrigation regimes, 

i.e., FW 0.73 % and SW 0.75 %.   

 

 

 

 

Table 7.4.  SW and FW post-irrigation soil organic matter in the SL and OSL soils (n=3, SD) 

Time (day) 

Soil organic matter (%) 

OSL SL 

SW FW SW FW 

Initial-unirrigated soil 9.5  9.5   0.62  0.62 

1 8.5 (0.7) 9.1 (0.5) 0.64 (0.01) 0.50 (0.19) 

3 8.2 (0.3) 8.5 (0.0) 0.54 (0.0) 0.64 (0.01) 

6 9.8 (0.05) 7.6 (0.08) 0.68 (0.21) 0.60 (0.04) 

9 8.5 (0.0) 9.3 (2.4) 0.56 (0.07) 0.53 (0.05) 

13 10.1 (0.0) 11.8 (0.4) 0.81 (0.0) 1.29 (0.68) 

16 9.2 (0.01) 9.5 (0.5) 0.88 (0.009) 0.91 (0.13) 

20 9.2 (0.01) 12.0 (0.0) 1.0 (0.4) 0.77 (0.13) 

 

The amount of SOM in the soils varied during irrigation. For example, in the OSL-SW 

compartment, between days 1 and 3, an approximately 1.1 % decline in SOM was measured 

from the initial 9.5 %. From day 9, a 1.5 % increase was measured, and another drop was 

again noted at test termination. Contrastingly, in the SL-SW compartment, there was a 



172 
 

continual increase from 0.6  to 1.0 % between days 13 to day 20.  An increase of SOM in the 

FW compartment was not expected as the FW matrix contained neither DOC nor any organic 

suspended particulate matter. 

Notwithstanding, both the increase and decrease of SOM were measured in the compartment 

during the irrigation period. The SOM increase measured in the FW irrigated compartment 

suggests a possible contribution from organic root debris. As the plant grew, more root tissue 

was introduced into the system. Possibly not all root matter was eliminated during the sifting 

process prior to OM measurement.   

A collection of studies that analyzed data from TWW irrigation in actual soils revealed an 

average 5.9 % increase in SOM in the soils. For soils irrigated with TWW for 2-47 years, the 

measured SOM increase was independent of the irrigation duration (Emde et al., 2021). As in 

the present study, where SOM increase was prominent in the SL SW irrigated soil, in Emde et 

al. (2021), increased SOM was observed in fine and medium-textured soils characteristically 

similar to SL soils.  

The intermittent variation of SOM in the SW-irrigated soils this study highlights the dynamic 

nature of SOM in soils. For example, (Jueschke et al., 2008) showed that while irrigation with 

treated wastewater increases the SOM content in the topsoil, continuous irrigation with the 

same media may simultaneously reduce SOM residing in the subsoil. Sometimes also, while 

the quantity of SOM may be unchanged, its quality may be altered. For example, irrigation 

with TWW increases the charge of the carboxylic groups in SOM  (Dalkmann et al., 2014b). 
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7.3.4 ARVD concentration in pore-water and soil 

The concentration of the ARVD in the pore water and the soil was measured after each 

harvest for 21 days. Figure 7.1 and Figure 7.2  show the concentration of ARVD measured in 

the soil-derived pore-water and the soils, respectively.  

  

 

Figure 7.1. The mean concentration of ARVD in the OSL and SL-derived soil pore-water over 
the 20 day exposure duration (n=14, ± 1SE ) 



174 
 

 

Figure 7.2. The concentration of ARVD in soil (n=14, ±SE ) 

The accumulation pattern in the pore-water and soil was not identical. Generally, while higher 

ARVD concentrations were measured in the SL than in OSL soil-derived pore-water samples 

(mean 11.1 ng mL -1 and 2.3 ng mL -1 respectively, Figure 7.1), higher accumulation in soils was 

measured in the OSL soils than in the SL soils (overall mean of 4.3 ng g-1 and 1.4 ng g-1 

respectively, Figure 7.2). 

Focusing on the soil-derived pore-water concentrations, Figure 7.1 showed that NVP 

exhibited the highest concentration in the SL-extracted pore-water, a mean of 18.9 ng mL-1.  

The ACV, LVD, OSV, and EFV concentrations were approximately 0.5 to 10 times lower, i.e., 

11.5, 13.7, 10.3 and 1.6, 11.1 ng mL -1, respectively. The mean SL soil-pore water concentration 

was approximately five times higher than OSL-extracted pore-water concentrations, whose 

individual concentrations varied between < LOD - 4.4 ng mL-1. EFV concentration in the OSL-

derived pore-water was below the detection limit (method validation data presented in 
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APPENDIX 2). Similarly, in the OSL soil, NVP exhibited the highest pore-water concentration. 

Noticeably, while OSV concentration in the OSL-obtained pore-water was the second highest 

in concentration, on the contrary, in the SL soils, LVD and ACV concentrations were higher. 

The pore-water concentration between FW and SW irrigated fractions in the individual soil 

compartments was not statistically different (p=0.71 and p=0.84 in SL and OSL, respectively). 

Overall, ARVD accumulation in the pore-water and soil increased with continual irrigation 

(APPENDIX 3 and APPENDIX 4). 

Figure 7.2 shows the accumulation of ARVDs in the soils. Noticeably, ACV and LVD were not 

detected in either of the soils. At the same time, the concentration of OSV in the FW SL 

compartment was below the detection limit. The mean ARVD accumulation in OSL soils was 

5.9 ng g-1, two times greater than the mean accumulation in the SL soils, i.e., 2.6 ng g-1. In 

both soils, ARVD residues accumulated two times higher in the SW irrigated soil 

compartments than in the FW irrigated soils. In the OSL soils, NVP exhibited the highest 

accumulation at 11.2 ng g-1. EFV and OSV accumulated approximately two and three times 

lower, i.e., 6.3 ng g-1 and 4.1 ng g-1 across the two irrigation regimes. While NVP concentration 

was highest in the OSL soils, the concentration of EFV   was two times greater in the SL soils, 

i.e., 4.8 to2.4 ng g-1. 

7.3.5 Leachates 

Since the experimental setup simulated an actual agricultural setting, it was not a closed 

system, and the ARVDs were measured in the irrigation water (leachates) drained through 

the soils. Figure 7.3 shows that all ARVDs were detected in the leachates at varying 

concentrations. The combined mean concentration of all ARVDs permeated through SL soils 
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was 12.8 µg L-1, approximately four times higher than the leachates recovered from the OSL 

soils, 2.9 ng L-1. 

 

 

Figure 7.3. The concentration of leachates obtained from SL and OSL soils (n=14, ± SE) 

It should be noted that the concentration in the leachates was not absolute. Leachates were 

obtained by chance; therefore, it was impossible to gravimetrically determine the exact mass 

of ARVD lost from the system via leaching. Nonetheless, the measured concentrations 

indicated the potential adsorption capacities of the two soils. Sealing the porous bases of the 

pots would otherwise have caused flooding and shifted the system to hydroponics, which was 

not the study's intent. 

7.3.6 Accumulation in plants  

The accumulation and distribution of the ARVDs in the lettuce tissues across the two soils and 

the two irrigation regimes are shown in Figure 7.4. The lowest accumulation was measured 
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in the OSL soils, a mean of 39.9 ng g-1, which was eight times lower than the accumulation 

measured in SL soil-grown lettuce (323.3 ng g-1). Accumulation in the FW compartments was 

six times lower, 52 ng g-1, than the SW fraction, 310 ng g-1. The bulk of accumulation in the 

SW irrigated soils, > 95 %, was measured in the SL soils. 

 

Figure 7.4. Accumulation of ARVDs in the irrigated lettuce in the four soil irrigation 

compartments (n=3, ±  SD) 

Summation of individual accumulation across the system shows that OSV exhibited the lowest 

accumulation in both leaf and root at 139 and 106 ng g-1, respectively.  EFV was the second 

highest in concentration, 872 ng g-1. However, its accumulation was localized in the roots only. 

NVP exhibited the highest root and leaf accumulation, approximately 3 to 5 times higher than 

OSV and EFV, respectively, i.e., 2912 ng g-1and 1588 ng g-1 in the leaf and root. ACV and LVD 

were not detected in any lettuce from the four compartments.  
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7.3.7 Bioconcentration potential 

The accumulation potential of contaminants from soil to plants is suitably described using 

contaminant concentration in the pore-water or soil, i.e., BCF pore water or BCF soil, respectively 

(Li et al., 2019a).  The present study only estimated BCFs from the SW compartment and 

derived this from whole-plant accumulation, Table 7.5. 

Table 7.5. SL and OSL-SW irrigated pore-water and soil whole plant bioconcentration factors 

(n=3, ±SD) 

Soil ARVD BCF soil (g g-1) BCF pore water (mL g-1) 

SL 
 

NVP 1406 (135) 225 (21.7) 

EFV 153 (70.3) 62.3 (28.6) 

OSV 382 (99.2) 22.8 (5.9) 

OSL 
 

NVP 21.9 (4.1) 62.7 (11.8) 

EFV 38.3(12.6) 394 (98.7) 

OSV - - 

 

All BCFs were > 1, indicating a higher concentration of the ARVD in the plant tissue than in the 

soil or pore-water. The BCF soil varied from 21.9 - 1406 g g-1 and BCF pore water from 62 – 393 mL 

g-1. While higher BCF pore water was measured in the SL soils relative to OSL soils, lower BCF soil 

values were measured in the OSL soils with respect to BCF pore water. 

7.4 Discussion 

There is insufficient information on the mechanistic uptake of ARVD pharmaceuticals in both 

hydroponic and soil-plant systems. For this reason, molecule-specific discussion in this study 

was often based on pharmaceutical molecules from other therapeutic classes which exhibit 

corresponding physical-chemical characteristics to ARVDs.  
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7.4.1 ARVD speciation in soil and pore-water environment 

The molecules' speciation characteristics in this pot-plant (soil) study in Table 7.6 matched 

the speciation data presented while describing the ARVD uptake mechanisms in hydroponics-

based experiments in Table 3.2 and Table 5.3. For this reason, less uptake mechanisms were 

discussed in this present section. The discussion herein focussed on ARVD interactions with 

the soil and wastewater properties and their potential impact on uptake. Also, many 

references will be made to the adsorption/desorption experiments discussed in Chapter 6. 

Table 7.6. ARVD molecule speciation at experimental pHa 

ARVD 
Log 

Kow
a 

Pore-water environment Soil environment 

Log Dow at pH 6.7 Solubility 

(mg mL-1) 

Log Dow  at pH 5.7 Solubility 

(mg mL-1) 

Acyclovir -1.03 -1.03 Neutral 9.09 -1.03 Neutral 9.11 

Lamivudine  -1.09 -1.1 Neutral 13.8 -1.09 Neutral 13.8 

Oseltamivir  1.2 -1.2 99.9 % 

cationic a 

294 -1.7 99.9 % 

cationic a 

312 

Nevirapine  2.5 2.5 Neutral 0.19 2.5 Neutral 0.19 

Efavirenz  4.5 4.5 Neutral 0.0005 4.5 Neutral 0.0005 

a ChemAxon Chemicalize 

7.4.2 ARVD concentration in soil-derived pore-water 

Since the soils contrasted mainly in the amount of SOM and DOC concentration (as was 

measured in Chapter 6), these two components likely influenced the occurrence of the ARVDs 

in the porewater. In Carter et al., (2016), the pore-water concentration of three 

pharmaceuticals, carbamazepine (CBZ), diclofenac, fluoxetine and orlistat (a lipase inhibitor) 

introduced at a varying nominal concentration (26-44 µg kg-1) in five soils (including sandy 
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soils, similar to the present study) differed widely over a 21 day observation period. The 

variation was attributed to individual soil characteristics rather than the initial spike levels. 

Accordingly, the highest pore-water concentration was obtained from silty and sandy soil, 

consistent with measurements from the sandy SL soils in the present study. Although Carter 

et al. (2016) study differed in design from the present study, i.e., the components of their 

study were contained in enclosed non-perforated containers, it still provided an informative 

background on the potential distribution of pharmaceuticals in the pore-water fraction in soil-

plant systems.  

The concentration of NVP  in the present study was highest in the sandy soils and lower in the 

SOM-laden OSL soil.  In the present study, the sandy soils contained 10 times less SOM 

content, which explains why a larger ARVD portion is partitioned to the SL-derived pore-water 

due to weak NVP-soil interaction. The sorption/desorption experiments in Chapter 6 revealed 

weak NVP-DOC interactions comparable to polar ACV and LVD. Hence the NVP molecule was 

readily available for detection in the aqueous pore water fraction.  

Regarding OSV, the molecule was cationic at the present study pH (Table 7.6) and thus bound 

to the negatively charged sites of the soil as reported in Sections 6.3.2 and 6.3.3 

(adsorption/desorption experiments), the weaker electrostatic than hydrophobic interactions 

favored partitioning of the  OSV to the pore-water.  An identical sorption pattern was 

observed in characteristically cationic fluoxetine (an antidepressant), whereby a considerable 

decrease in its concentration was measured in the pore water with increase in SOM (Carter 

et al., 2016). As OSV in the present study, the concentration of fluoxetine in pore-water was 

higher than the more hydrophobic diclofenac (Carter et al., 2016), whose equivalent in the 

present study is EFV. Not forgetting OSV-DOC interactions, in Figure 6.8, OSV was least 

transferred (desorbed) from soils by the SW. Therefore, the relatively weaker OSV-DOC 
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interactions favoured its detection hence the higher measured levels compared to EFV. The 

concentration of EFV was low in the SL soil and below the detection limit in the OSL soil. EFV, 

the most lipophilic molecule, expectedly experienced the strongest interaction with the 

SOM.Hence  it exhibited the weakest tendency to partition into the pore-water in the OSL-

derived pore-water.  

Recalling Section 6.3.7.2, desorption experiments using SW as an infiltration agent, the 

highest loss from soils was exhibited by EFV more than any other ARVD (Figure 6.8).  

Therefore, possibly due stronger EFV-DOC complex, EFV was not available for detection or 

was simultaneously lost as leachates. According to Peña et al., (2020), strong molecule-DOC 

complexes are not uncommon for hydrophobic compounds aqueous environment  

7.4.3 ARVD accumulation in soils 

Only OSV, NVP, and EFV were detected and quantified in the soils. Contrary to the pore-

water's accumulation pattern, a two times higher accumulation of ARVD was measured in the 

OSL soils than in the sandy SL soils (Figure 7.2). Regarding the irrigating media, accumulation 

in the SW was two times higher than in the FW irrigated compartment.  

 

 

 

 

Table 7.4 revealed an increase in SOM in the SW irrigated compartments (although 

intermittently) from the SW's inherent DOC and particulate matter. The present study was 

comparablewith Borgman and Chefetz (2013), who reported that irrigation with wastewater 

enhanced retardation (slow migration solutes relative to the mobile carrier) of 
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pharmaceutical molecules in terrestrial environments, i.e., consequently increasing their 

accumulation in soils. The study, a soil column leaching experiment, best described the 

observed ARVD accumulation data measured in the present study. The mobility and hence 

the retardation factors (coefficient expressing how slow a contaminant is transported relative 

to water, (EPA, 2021)  of eight characteristically different pharmaceuticals were undertaken 

in 5 % compost-amended and unamended sandy soils. Two infiltration agents employed in 

the experiment were 0.01 M CaCl2 (freshwater) and  DOC- amended CaCl2 (CaCl2-DOC) (pH 

6.2) solutions. Foremost, independent of the irrigation matrix, Higher retardation factors 

were measured in the compost-amended soils (0.99-5.48) than in the unamended soil (0.93-

3.67) (Borgman and Chefetz, 2013). This observation is consistent with the higher 

accumulation of the three ARVDs in the SOM-rich OSL soils in the present study, whereby 

irrespective of the irrigation agent, the concentration of the ARVDs in the OSL soil was higher 

in the SL soils, as shown in Figure 7.2. The observation demonstrated the significance of SOM 

in limiting the mobility of pharmaceutical molecules in the soils.  

In Borgman and Chefetz, 2013), the highest variability in retardation factors was measured in 

the cationic lamotrigine and hydrophobic diclofenac, whose equivalent in the present study 

is OSV and EFV, respectively. The retardation factor for hydrophobic diclofenac was two times 

greater (5.23) in the CaCl2-DOC than in the pure CaCl2 (2.32). The enhanced retardation in 

CaCl2-DOC demonstrated the significance of the wastewater DOC component in sequestering 

the hydrophobic molecule to the bulk of the soil. The observation is consistent with the 

measured accumulation in the present study, whereby the concentration of EFV was 1.5 times 

higher (6.3 ng g-1) than OSV (4.1 ng g-1) in the SW irrigated OSL soil, as reported in the 

adsorption experiments in Section 6.3.7.1, where CaCl2 was compared side by side with SW, 

the SW yielded  Kd for EFV was approximately two times larger than the CaCl2 derived one 
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(Table 6.9), i.e., 518 mL g-1 and 212 mL g-1, respectively. It was the same with OSV (34.8 mL g-

1 and 19.1 mL g-1, respectively). 

In the present study, ACV and LVD did not accumulate in either of the soils, nor was their 

accumulation enhanced with SW irrigation. Relatedly, other compounds such as ketoprofen, 

ibuprofen, bezafibrate, naproxen, and sulfamethoxazole, which were either anionic or 

exhibited log Kow < 1.7, presented the lowest retardation factors (enhanced mobility) (0.93-

2.29) when introduced to the soils with either pure CaCl2 or the CaCl2-DOC in both compost 

amended and unamended soils (Borgman and Chefetz, 2013),  indicating that these molecules 

potentially pose the least risk in soils. 

In the 0.01 M CaCl2-only permeated soils (comparable to FW in the present study), cationic 

lamotrigine exhibited a retardation factor of 5.48 in the compost-amended soils, which was 

approximately 1.5 times higher than in the non-amended sandy soil (3.67), demonstrating 

that SOM independently enhances retardation even in the absence of DOC in the irrigating 

agent. Contrastingly, using CaCl2-DOC for infiltration in the compost-amended soils lowered 

the retardation of OSV by approximately 15 % to 4.93 from the previous 5.48  measured when 

CaCl2-only solution was used as the mobile agent in the composted soils. This observation by 

Borgman and Chefetz, (2013) suggested a possible competition for the cationic lamotrigine 

between the irrigation agent  DOC and the compost-laden organic matter in the soil. The 

observation adequately describes the lower accumulation of OSV relative to EFV measured in 

the present study. Some of the OSV presumably were retained with the DOC in the SW and 

were not available for detection. At the same time, some OSV presumably leached with the  

SW; accordingly, from Figure 7.3, there is a higher concentration of OSV than EFV in the OSL-

derived leachates (Borgman and Chefetz, 2013). Consistently, SW desorption experiments 

data in Table 6.10 revealed higher levels of hydrophobic EFV than cationic OSV were desorbed 
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from both OSL and SL soils. However, it is noteworthy to mention that the SW in the present 

study contained a higher nominal concentration of inorganic ions, absent in the (Borgman 

and Chefetz, 2013) DOC-laden CaCl2 eluent (present study’s SW equivalent),  highlighting the 

significance of monitoring wastewater quality during irrigation as it can impact the 

accumulation of an individual pharmaceutical in several ways. 

Sandy soils present a worst-case agroecosystem contamination situation in that their 

diminished SOM content reduces the soil’s adsorptive capacity and results in molecules not 

bonded to soil and pore water constituents and hence are likely to be more bioavailable 

(Karnjanapiboonwong et al., 2010). This occurrence is consistent with the present study as 

Figure 7.2 shows that accumulation was lowest in the SL soils. OSV was not detected in the 

FW-SL irrigated compartment, possibly due to the absence of charged sites to facilitate 

electrostatic interactions. The bulk of the OSV in the SL-FW compartment was dissipated as 

leachate, as shown in Figure 7.3 and was highest in concentration among the five SL-derived 

leachates. 

Noticeably, the hydrophobic EFV concentration was also higher than NVP and OSV in the SL-

FW soil irrigated compartment. The likely reason for this accumulation pattern was that, since 

SOM was limited in the SL soil, the interaction mechanism with the soil shifted and became 

molecule-specific; that is, the interaction depended on the physical-characteristic of the 

molecule. Therefore, since EFV was more hydrophobic, it would have a stronger tendency to 

sorb than the less hydrophobic OSV and NVP. 

A higher concentration of NVP in the OSL soils in the present study can be related to the 

concentration of CBZ measured in soils in Dalkmann et al. (2014a). The neutrality of NVP 

signified weaker sequestration to the bulk of the OSL soils than OSV and EFV; hence, the 
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molecule was bioavailable for extraction. Like CBZ, its sorption is non-specific, not related to 

the charged carboxylic groups deposited in the soils and therefore highly reversible and 

kinetically controlled (Dalkmann et al., 2014b). In the OSL soils, the concentration of NVP is 

higher than for EFV, yet EFV is more hydrophobic. The recalcitrance of NVP also likely 

contributed to its significant concentration and ease of extraction from the OSL soil. 

7.4.4 Accumulation in plants 

The magnitude of accumulation of the ARVDs in lettuce varied across the different soil 

irrigation regimes, Figure 7.4. Usually, variation in plant uptake trends is more pronounced in 

soil-plant systems than in hydroponics, and these differences are attributed to several factors 

such as differential water consumption and inherent plant growth-rate difference (Goldstein 

et al., 2014; Hsu et al., 1990 . 

 

Figure 7.5. Relationship between pore-water and soil bioconcentration factors  

The relationship between soil and pore-water BCF and the accumulated ARVD molecule log 

Dow is shown in Figure 7.5. A stronger relationship was obtained from the pore-water BCF 

(R2=0.31) than the soil concentration (R2=0.08). These data (though limited, i.e., three data 
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points) are consistent with suppositions from (Hung et al., 2009 and Li et al., 2019a) that in 

soil-plant systems, the contaminant concentration in the soil does not reflect its actual 

bioavailability. The pore-water concentration forms a realistic basis for evaluating the uptake 

potential of pharmaceutical soil-plant systems. The wide intra-molecule BCF variation shown 

in Table 7.5 indicates the complex influence of matrix in soil and pore-water environments in 

pharmaceutical uptake in different soil-plant systems.  

Goldstein et al. (2014) undertook a comparable greenhouse-based study, monitoring the 

accumulation of nine non-ARVD pharmaceuticals in cucumber leaves in different soils over 

four months. The measured accumulation varied in the three separately irrigated soils with 

spiked freshwater (SFW) or spiked treated wastewater (STWW) at an exposure concentration 

of 0.74 to 2.4 µg L-1. The lowest plant accumulation was measured in alluvial soils, soils 

containing 2 to 5 times higher organic content (1.78 %) than the sandy and aeolian soils, 0.39 

and 0.73 % OM, respectively. Most notably, and analogous to the present study, the highest 

soil accumulation was measured in the STWW irrigated sandy soils, not the SFW sandy soil or 

alluvial soils. The highest accumulation was exhibited by the non-ionic carbamazepine and 

sparingly cationic lamotrigine (at environmental pH 7.8), approximately 420 and 70 ng g-1, 

respectively, an accumulation which was 60 % higher than in the associated SFW irrigated 

cucumber. The present study indicated that actual wastewater may enhance the 

accumulation of certain pharmaceuticals in plants in agroecosystems.  Figure 7.4 in the 

present study is consistent with Goldstein et al., (2014) as it revealed higher pharmaceutical 

accumulation in plants in the SL–SW irrigated compartment, which received similar treatment 

to the STWW. Besides CBZ, other pharmaceuticals (Goldstein et al., (2014) exhibited lower 

accumulation (below 15 ng g-1) in the cucumber even when irrigated with SFW. As mentioned 

in this study, CBZ and NVP share similar characteristics. Lamotrigine in Goldstein et al., (2014) 



187 
 

was partially cationic, just like OSV of the present study; however, it was more lipophilic (log 

Dow 1.9). In the study, the accumulation of CBZ was approximately one order of magnitude 

higher than the other pharmaceuticals. In the present study, the accumulation of NVP was up 

to four times higher relative to the OSV and EFV.   

Likewise, in Goldstein et al., (2014), pharmaceutical accumulation in soil was highest in alluvial 

soils (soils with the highest SOM content) and irrigated with STWW.  The non-ionic CBZ 

exhibited the highest soil accumulation (15 ng g-1). NVP likewise exhibited the highest 

accumulation in the OSL soils, as discussed and shown in Figure 7.2.   In Goldstein et al., 2014), 

lamotrigine and caffeine exhibited 1.5 and 2 times lower accumulation, i.e., 10 and 4 ng g-1, 

respectively.  

As with LVD and ACV in the present study, the accumulation of the ionic, acidic, and highly 

hydrophilic molecules varied from below the detection limit to 0.5 ng g-1 (Goldstein et al., 

2014). Accumulation of CBZ and lamotrigine in the plants in the STWW irrigated sandy soils 

was 2 to 3 times higher than in the associated SFW irrigated soils. The present study's 

variation was broader, more than 10-times higher than the FW irrigated lettuce (Figure 7.4). 

The present study data is consistent with Boxall et al. (2006), where soils with low organic 

matter were identified to present a worst-case scenario regarding the maximum 

bioavailability of pharmaceuticals to plants. Sallach et al., (2018) demonstrated the impact of 

increased sand content in soils, where the reduction of clay and silt content, substituted with 

sand in pot plant experiments, induced an eight-time increase in the concentration of 

sulfamethoxazole in lettuce from 3.3 ng g-1 in pure loam soil to 25 ng g-1 in the newly amended 

sandy soil.  However, the sand in the soils was inversely proportional to the accumulation of 

cationic lincomycin (Sallach et al., 2018). This observation best explains why OSV, which was 



188 
 

99 % cationic in the present study (Table 7.6), least accumulated in the sandy SL soils (Figure 

7.2) and lettuce (Figure 7.4), possibly because there were insufficient charged sites in the 

sandy soils which weakened the electrostatic interactions responsible for soil OSV 

accumulation. 

Regarding the translocation mechanism, NVP exhibited a > 1 translocation factor, as noted by 

the higher leaf than root concentration in the SL-SW irrigated regime (Figure 7.4). However, 

with the accumulation of EFV, uncertainties still exist regarding the accurate measurement of 

the accumulation of highly hydrophobic molecules with log Kow > 4  (Miller et al., 2015). The 

exterior surface of the root is organic (Trapp, 2000) hence the strong exterior surface 

interaction with hydrophobic organic contaminants. Likely, the thorough rinsing and washing 

of the roots undertaken before sample preparation is not adequate to fully desorb all the EFV 

molecules adsorbed on the root's exterior.  Recalling Table 6.7 data, EFV exhibited the least 

desorption tendencies among the 5 ARVDs. Only 1.5 % of its adsorbed mass was desorbed 

compared with 16-64 % by mass of the other ARVDs, suggesting that further assessment is 

needed to determine the accurate uptake and accumulation potential of EFV devoid of its 

binding tendencies on the roots surfaces. 

7.4.5 Degradation of ARVDs 

ACV and LVD, which were hydrophilic and neutral (Table 7.6), were not detected in the soils 

or the plant matrix but only in the pore-water. Pharmaceutical degradation occurs in the soil 

environment, which may limit plant uptake and soil accumulation (Sallach et al., 2018).  

For ACV, a possible reason that limited its accumulation and, therefore, its non-detection was 

the pH of the test environment (5.7 - 6.7 pH range). ACV-based stress studies showed that 

ACV is rapidly degraded in an acidic environment, and approximately 50 % of its parent 
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molecule was lost in 0.1 N HCl solution (Sinha et al., 2007).  Although 0.1 N HCl is a strongly 

acidic environment compared with the pH range used in this study and hardly occurs in the 

natural environment, it shows ACV's predisposition for dissipation in a low pH environment. 

This loss possibly commenced in the irrigation matrix, implying that the molecule's loss had 

begun before its deposition onto the soils.  Nonetheless, the hydrophilicity and high 

desorption levels remain the most probable reason for their non-accumulation in the OSL and 

SL soils.  

The rate of indirect photodegradation of ACV, and LVD, is enhanced in the presence of 

chromophoric nitrate in DOM in the aquatic environment (Zhou et al., 2015).  The pot plants 

were under direct sunlight in the greenhouse, though not in a hydroponic setting. 

Photodegradation of ACV and LVD was likely since the pots were directly exposed to the Sun. 

Accelerated degradation of ACV was measured in agricultural soils with  > 15 mg L-1 nitrate 

level (An et al., 2016). In Chapter 6, during the adsorption-desorption experiments, the loss 

of ACV was two times higher in the OSL soils (82 %) than in the SL soils (43%), indicating the 

higher capacity of the OSL soils to induce losses. Recalling that the OSL soil had been obtained 

from grounds that had previously been amended with fertilizer, the existing nitrate residues 

in the soil contributed to the rapid non-sorption dissipation of this molecule.  The total 

nitrogen (TN) data in Table 6.3 indicated nitrates' presence in the soils. The TN levels in the 

OSL soils were 2 to 7 times higher than in the SL soils in both FW and SW irrigated soils, varying 

from 23 to 390 mg L-1. Accordingly, the higher levels of TN in OSL soils account for the higher 

dissipation of ACV in the OSL soils compared to the SL soils. 

For LVD over 90 % of LVD was removed in WWTP in South Africa (Abafe et al., 2018). Since 

LVD has a poor sorption tendency, degradation processes such as photodegradation or biotic 
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processes were responsible. Also, if extended to a terrestrial environment, LVD's relatively 

short half-life in wastewaters (< 5 days, (Aminot et al., 2018) indicates very low persistence in 

environmental matrices and low bioavailability in soils, as observed in the present study.  

Data on the degradation of OSV in soils is not readily available. Nonetheless, available 

information highlights its persistence in the aquatic environment, which, if extrapolated to 

terrestrial environments, may aid in understanding its possible dissipation pathways. 

Oseltamivir exhibited a half-life of 53 days in surface waters (Accinelli et al., 2010b) and was 

correspondingly considered a persistent molecule in water bodies and non-biodegradable in 

normal WWTPs (Fick et al., 2007; Södertröm et al., 2009).  The active moiety of OSV was not 

degraded substantially by UV light radiation (Fick et al., 2007). In Accinelli et al., (2007), a 

small amount of OSV was lost when an aliquot of non-sterilized sediment was introduced in 

an initially sterilized sediment environment that contained spiked OSV, thus suggesting that 

losses of OSV via microbial pathways are possible in soil.  

In the present study, EFV and NVP were the most persistent ARVDs tested in effluents and 

surface waters (Adeola and Forbes, 2022). Assuming their recalcitrance could be extended to 

the terrestrial environment, their resistance to degradation contributed to their relatively 

high soil accumulation, as shown in Figure 7.2. A distinct characteristic of EFV and NVP that 

accounts for their stability during wastewater treatment is that,  rather than diminishing 

during the chlorination of treated wastewater, their persistence is enhanced.  The 

enhancement is due to  the de-conjugation of their hydroxylated metabolites and the 

reduction in the binding ability of the two compounds (Adeola and Forbes, 2022). Overall, this 

accounts for why EFV and NVP molecules were detected in the soils at appreciable levels than 

OSV, LVD and ACV.  In literature, however, there are no studies on the recalcitrance of the 
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two molecules (EFV and NVP) associated with their hydrophobicity, pKa or solubility (Adeola 

and Forbes, 2022).  

7.4.6 Risk to human health 

The potential risk to human health from lettuce consumption was estimated using Equation 

(7.3). Nevirapine was selected as a pharmaceutical of concern as it exhibited the highest TF 

values and primarily accumulated in the leaf. The recommended maximum daily dose (MDD) 

for NVP for an individual  ≥ 16 years old is 400 mg day-1 (Foissac et al., 2013).  Therefore for 

an individual weighing 70 kg, the maximum acceptable daily intake for NVP is 5714 µg Kg-1 d-

1. The concentration of the NVP in the leaf was 2.9 µg g-1 d.w. The calculated DDI from 

consumption of the contaminated lettuce was 2.9 µg Kg-1 d-1 which is 2000 times lower than 

the maximum daily acceptable nevirapine intake. Health risk from consumption was, 

therefore, insignificant. Perceived risk from consumption was low , given that a factor of 101 

to 103 margin is recommended between the DDI and the MDD for safe consumption (Prosser 

and Sibley, 2015). 

7.4.7 Occurrence of ARVD metabolites in the soil environment 

Screening for metabolites in soil was performed as previously described in Chapter 3. While 

parent molecules have been detected in wastewater and surface water environments, data 

on their associated metabolites' occurrencelimited (Mosekiemang et al., 2019b ;Olabode, 

2021). There is no available report on ARVD metabolites in the terrestrial environment. 

Nonetheless, nevirapine and efavirenz metabolites, i.e. 12-hydroxy-Nevirapine and 8,14-

dihydroxy-Efavirenz, were  detected in wastewater samples (Mosekiemang et al., 2019b). 

The ARVD metabolites identified in Chapter 3 were screened for soil, pore water, and plants. 

Table 7 shows that no known metabolite was detected in any of the matrices. 
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Table 7.7. Screening for metabolites in the soil-plant system 

Parent API Metabolite [M+H]+ Plant Soil 
Pore-

water 

Efavirenz 

8-hydroxy-

Efavirenz 
332.02958 × × × 

8-Efavirenz-

Glucoronide 

508.06167 

 
× × × 

Lamivudine 

Lamivudine 

Sulfoxide 

 

246.05430 

 
× × × 

Nevirapine 
12-hydroxy-

nevirapine 

283.11895 

 
× × × 

 
4-carboxy-

Nevirapine 

297.09822 

 
× × × 

 

12-hydroxy-

Nevirapine 

Glucuronide 

459.15104 

 
× × × 

Oseltamivir 
Oseltamivir 

carboxylate 
285.18088 × × × 

× No metabolite detected 

7.5 Conclusion 

The study reveals that ARVD pharmaceuticals (log Kow >1) accumulate in leafy  plants grown 

in contaminated soils. HydrophilicARVDs (log < 1)  were not detected in the plant tissues. The 

measured accumulation was at five-times higher in the  synthetic wastewater-irrigated soils 

with higher in sand and low organic matter content.  Binding the ARVDs to the soil and 

wastewater constituents strongly influenced the mass of pharmaceuticals available for 

uptake.  Uptake depended on the bioavaiability of ARVDs in the soil pore water (log BCF pore-

water (R2=0.37) than in the in the soil (log BCF soil  R2=0.08). The health risks from consuming 

contaminated lettuce were minimal, up to 103 below the maximum recommended daily dose 

of nevirapine.  
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Chapter 8  CONCLUSIONS 
 

The overall aim of this research was to assess the fate of anti(retro)virals (ARVDs) in 

agroecosystems, i.e. in the wastewater-soil-plant-receptor (man) interface.  This objective 

was achieved by evaluating the processes and variables influencing their mobility and 

accumulation in wastewater, soil and plant matrices.  Figure 8.1 summarises the main findings 

across the seven chapters of this study. 

Chapter 1, a literature survey, highlighted the existing knowledge gaps and areas that warrant 

further research. First, it was shown that while ARVDs occur in aquatic environments 

(wastewater and surface water used for irrigation)  at relatively high concentrations 

(nanogram to microgram levels), understanding their fate in agroecosystems is limited. The 

areas of interest studied in this research include chromatographic analysis methods, uptake 

potential in soil and aquatic environments, and their sorption/desorption characteristics in 

soil and wastewater environment. Five ARVDs, i.e., acyclovir, lamivudine, oseltamivir, 

nevirapine and efavirenz, which have varied physical-chemical characteristics, were selected 

as test molecules. 

In Chapter 2,  optimization of the chromatographic conditions found that alkaline mobile 

phases (7.0 < pH < 9.0) and hexyl-phenyl stationary phase were ideal for analysis. The 

combination of these two phases yielded two times higher signal response and resolution 

than conventional acidic (pH ≤ 7.0) and octadecyl stationary (C18) phases.  
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Figure 8.1. Schematic summary of the chapter conclusions 
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A hydroponic (aquatic-only) mechanistic plant exposure experiment was undertaken in 

Chapter 3 to identify priority ARVD molecules and find out compound-specific characteristics 

of the ARVDs that influence accumulation in leafy plants (lettuce) and possible phytotoxic 

effect on the plant from accumulation. Efavirenz and nevirapine, log Kow 4.3 and 2.5, 

respectively, exhibited five times higher accumulation than the hydrophilic acyclovir and 

lamivudine, log Kow < 1.0 ARVDs. It implied that bioconcentration depends on molecule 

lipophilicity; however, within a sigmoidal window. The lettuce exposed to the highest 

concentration (100 ug L-1)  exhibited significantly lower (30 %) leaf and root biomass than the 

control, indicating a possible phytotoxic effect.  

Chapter 4 described a stepwise protocol used in the suspect screening approach, a technique 

used to identify in-plant biotransformation of exogenous chemicals accumulated in plant 

products using high-resolution mass spectrometry at the single-stage level. Two 

biotransformation products, lamivudine sulfoxide and nevirapine glucuronide were detected 

in the plant matrix, highlighting the plant’s overall ability to biotransform accumulated 

exogenous chemicals. Since these two molecules were not detected in the exposure solution, 

it implied that the biotransformation was primarily plant induced. However, the 

biotransformation products were measured at level 4 confidence. The low-end confidence 

level does not necessarily negate the presence of the metabolite molecules.  For enhanced 

confidence levels, levels 1-3, analysis using  > MS2 mass spectrometry approaches is 

necessary. 

The lipophilic EFV  was retained three times higher in the dissolved organic matter constituent 

than in the suspended particulate, as shown in Chapter 5. Contrastingly, approximately 15 % 

of the hydrophilic molecules (log Kow < 2.5) were bound to the wastewater constituents. 
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Overall, the extent of retention to the wastewater constituents was EFV>NVP>OSV>LVD>ACV.  

In the sorption trials in Chapter 5, the ARVD molecules' retention did not increase with the 

increased mass of the wastewater constituents. There was no difference in the retention of 

the ARVDs between the nominal, two-times and three-times synthetic wastewater 

concentrations. The environmental implication of this observation is that it is likely that the 

concentration of organic contaminants in turbid surface waters could be no less than in less 

turbid waters.  The suspended matter bounds 25 % of the lipophilic efavirenz. For this reason, 

accurate estimation of aquatic pollution by organic molecules demands concentration data 

of the target analyte in the suspended particulate matter. The ARVDs accumulated five times 

less in lettuce exposed to ARVDs in the wastewater, implying that, in a contaminated aquatic 

agroecosystem, while the wastewater is a source of contamination, its constituents bind to 

the solutes, minimizing their bioavailability for accumulation. 

Five times less accumulation of the ARVDs into the lettuce was measured in the hydroponic 

(wastewater-irrigated) experiment in Chapter 5. Contrastingly, in the pot soil experiments in 

Chapter 7, accumulation in lettuce irrigated with wastewater was six times higher than in the 

freshwater-irrigated lettuce. The contrasting accumulation patterns reveal the deficiency of 

hydroponic experiments in mimicking real-life pollution scenarios in agroecosystems. 

Hydroponics should be limited to identifying priority contaminants, not the intricate nature 

of accumulation in terrestrial environments. In chapter 6, when the soil water partitioning 

coefficients (Kd) were normalized with the organic matter content, it resulted in identical log 

Koc for the individual molecules across the two soils. The similar log Koc indicated that soil 

organic matter is a primary sink for organic molecules in soils.  Consequently, the 

accumulation of the ARVDs in the organic-rich soils (OSL) was two times higher  (5.6 ng g-1) 

than in the sand soils (SL) (2.6 ng g-1).   The lipophilic efavirenz and cationic oseltamivir 
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accumulated twice and thrice lower, respectively (6.3 and 4.1 ng g-1) than the mid-polar 

nevirapine in the soils. The significant binding of oseltamivir to the soils shows that not only 

classical lipophilic contaminants accumulate in soils but also cationic molecules in equal 

measure and may impact earth-living organisms. The hydrophilic lamivudine and acyclovir 

(log Kow < 1) neither accumulated in the soils nor the lettuce in the soil experiments. For this 

reason, characteristically similar compounds pose the least risk to exposed receptors.  

Nevirapine was identified as the priority pollutant as it is the only ARVD that exhibited > 1 

translocation factor, i.e., its accumulation in the leaves was higher than in the roots. 

Nonetheless, its accumulation was 2000 times lower than the recommended daily dietary 

intake (DDI). Consuming such lettuce may pose lower health risks. Overall, wastewater reuse 

regulatory authorities should be concerned with molecules characteristically similar to 

efavirenz, oseltamivir and nevirapine. The former two because they tend to accumulate in 

soils, and the latter because of its propensity to accumulate in plants. 

Recommendations  

The main limitation of the present research is the absence of pharmaceutical accumulation 

of data from actual agroecosystems irrigated with contaminated wastewater. Accumulation 

data from real-fied samples facilitate accurate estimation of health risks than values obtained 

from laboratory-controlled experiments. For this reason, undertaking actual fieldwork in 

urban agroecosystems irrigated with contaminated surface waters is a priority for future 

work.  Similarly, toxicity endpoints of the ARVDs of pharmaceutical molecules are unavailable. 

The significance of the endpoints is that they are also necessary for estimating the hazard and 

risk quotients of ARVD molecules to facilitate health and ecological risk assessments. 

Appropriate experiments ought to be undertaken to generate toxicity data. 
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ARVD biotransformation products were detected in the plant tissues at level 4 confidence 

limits using single-stage mass spectrometry. However, a higher measurement confidence 

level is needed to verify the biotransformation products' presence. For this reason, mining for 

the ARVD metabolites should be undertaken using >MS2 mass spectrometric approaches. 

The accurate estimation of the accumulated lipophilic molecules (log Kow > 4.0), especially in 

plant roots, is still uncertain due to their tendency to adhere to organic surfaces.  Appropriate 

sorption and uptake experiments should be designed to distinguish between the two 

processes  

The hydrophilic ARVDs, neither accumulated in the lettuce nor the soil.  To understand their 

ecological risk, it is essential to investigate their degradation tendencies in soil and aquatic 

environments.



199 
 

Appendices 

 

APPENDIX 1. Pharmacology of selected antiviral and antiretroviral molecules  

Molecule Action 
Dose 

(mg/day) 
% Excretion Side effects Reference 

Lamivudine Anti HIV a 
Anti HBV  a 

10-300 b 71±16 b Nausea fatigue diarrhea and 

cough b 

a (Wang et al., 2019), (Singh et al., 
2019) 
b (DrugBank, 2019c), (Strauch et al., 
2011) 

Nevirapine Anti HIV c 100 - 400 c 10 c 
Fatigue, fever insomnia, 

vertigo, and vomiting and 
weight loss d 

c (DrugBank, 2019a) 

d (Notter et al., 2019), (Devarbhavi and 
Raj, 2019), (Ahmadi et al., 2019) 

Efavirenz Anti HIV e 30 - 600 f < 1 e Impaired concentration, 
insomnia, nausea g 

e (Duarte et al., 2017) 

f(Atwine et al., 2018) 

g (Yee and Preuss, 2022) 

Oseltamivir Anti-influenza h 30-150 i < 5 i Mild gastrointestinal upset m 

h (DrugBank, 2022a),i (Davies, 2010) 

m (Doucette and Aoki, 2005) 

Acyclovir Antiviral j 800- 40000 k 90-92 l 

nausea or vomiting 
diarrhoea 

skin being sensitive to 
sunlight j 

j (DrugBank, 2022b),k (EMC, 2022) 

l (King, 1988) 
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APPENDIX 2 .Soil extraction recoveries and detection limit  

 Extraction recovery 

in soils (%) 

Method detection limits 

 SL OSL Pore-water (ng mL-1)  

(OSL) 

SL soil (ng g-1) OSL (ng g-1) 

ACV 67 65 0.7 1.4 1.9 

LVD 68 64 0.88 1.2 1.3 

OSV 77 68 0.89 0.9 1.2 

NVP 84 73 0.6 0.6 0.9 

EFV 65 60 1.5 2.1 3.9 

 

APPENDIX 3. Concentration of ARVD in soil-pore water across the irrigation duration (n=3, ±1 

SD) 
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APPENDIX 4. The concentration of ARVD in soil water across the irrigation duration (n=3, ±1 

SD) 
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